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ABSTRACT 
The nature o f weld metal inclusions in relation to the 
formation of acicu l ar f e rri te was investigated. Gas-metal arc 
welds (GMAW) on High S trength Low Alloy (RSLA) plate with 
varying amounts o f o xygen and/or carbon dioxide added to the 
argon cover gas and s ubme rged arc welds (SAW) on BY - IO O p late 
with five dif f e ren t f l uxes were analyzed . Thi s a n a lysi s 
determined the ef f ect o f weld metal compos i tion on non-
metallic inclusion composi tion and the ultimate e f f e cts on the 
formation of acicular f errite. Scanning and transmission 
electron microscopy with energy dispersive x-ray analysis were 
used to determine i nc lusion size distribution, concentr ation 
and c ompositi on . This investigation revealed t hat the 
i n clusions were compl ex MnO-A1 20 3 -Si02 - Ti02 oxides whi c h 
contain a titanium - rich c omp ound, Pyrophanite (MnTiOJ)' 
existing as a face t e d part icle in those inclusions promo t ing 
acicular ferri te fo rmation. Prom these resul ts and the 
re s ear ch of o thers such as Grong/Matlock and Ramsay/ Ma tloc k / 
Olson it is conc luded that the formation of acicul ar f e rrite 
does d epend non-metallic inClusion composit ion 
demo nstrating the importance of weld wire composition for 
achieving welds with optimum mechanical propert ies. 
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The U.S. Navy's desire to certify high strength l ow alloy 
(HSLA) steels fo r shipbui l ding programs ha s l ed to signi f icant 
research to devel op we lding consumables that produce we l d 
me t a l deposits with me c hanica l properties equiva l ent to the 
base metal. The bulk of this resea:::.-ch has concentrated on 
achi e v ement o f weld metal deposits with maximum toughness and 
duct i l ity f o r a desired strength by controlling wel d me ta l 
microst ru ctu:::.-e. A mic:::.-ostructure consisting primar~ ly of 
a cicu l a r fer:::.-it e p:::.-ovides the optinrum weld metal strength and 
duc t il i ty by v::rtue of its small grain size and h i gh ang l e 
gra i n boundaries. This m::crostruc t ure of acicular ferrite i s 
a lso desirabl e in the weld deposits o f other steels, such as 
HY - 1 0 0 , used in Nava l construct i on programs. 
Re cent research at the Naval Postgraduate School in 
Mont e rey , Cal iforn::a has dea l t primari l y with how different 
f l uxes in submerged arc (SA) we l ds or diff e rent cover gases in 
gas rr:eta l arc (GMA ) welds have i nfluenced the size 
dist ributi on , concentration and composition of non-me t a l lic 
inclusions i n the weld meta l and the effects of this on t he 
weld metal mechanica l propert i es. This r e searoh did r::ot 
inc l ude an analysis of how the final weld metal compositior. 
affects the non-metall i c inclusions, formation of aci cul ar 
ferr i t e and u l timately the mecha n i cal prope rt i es of the we l d. 
This analysis is necessary to reach the final goal of 
predicting weld metal mechanical properties by controlling 
weld metal composi t ion through use of diffe::-ent fluxes or 
cover gases to control size distribution, concentration and 
composition of non -metallic inclus i ons to get the desired 
final microst::-ucture of acicular ferri te. 
This invest i gation uses weld metal deposits from GMA welds 
on HSLA - lOO plate and SA we l ds on HY - lOO plate to deterw.ine 
those characteristics of non-metallic inclusions t hat promote 
formation of acicular ferrite. Different fluxes and cover 
gasses were used to control weld metal composition. By 
determining which weld metal compositions optimize acicular 
ferrite formation the flux: or cover gas can be optimised to 
obtain welds with desired mechanical propert ies. 
I I . BACKGROUND 
A . CHARACTERISTICS OF HIGH YIELD (BY-100l STEELS 
High yield (HY) steels are used ir. Naval cor.struction 
programs because of high strength and good fracture toughness 
p rop e rties. BY·IOO steel is a quenched ar::d tempe:::'ed 
martensit ic stee l with strength and toughness optimized 
through heat treatments and alloying. Carbon combined with 
other alloys such as chromium, manganese, mol ybdenu:Tl, nick el 
and v anad i um are added to increase strength and hardenability. 
Compos it ion specifications and nominal compositions are listed 
in Table 2 .1. Heat treatments consist of austentizing at 
temp eratu res between 1550 to 1650 of, water quenohing and 
tempering near 1150 OF to preoipitate oarbides and stress 
relieve the martensi ti c microstruoture. 
Wel ding of HY· IQO steel is difficult because the heat 
affected zone (HAZ) of the weld can vary between martensitic 
and bainitic microstructures for small changes in composition 
and/or cooling rates. This places significant limitations on 
plate thickness, interpass temperatures and heat input for 
welds to ensure that desired mechanical properties are 
achieved. Mechanical properties limits are listed in Table 
HY·- IOO steel is also highly susceptible to hydrogen 
induced cracking (HIe) . These welding limitations require 
carefully controlled and costly preheat and postheat 
treatments to avoid HIe and ensure the desired microstructure 
is obtained. 
B. CHARACTERISTICS OF HIGH STRENGTH LOW ALLOY (HSLA-IOO) 
STEEL 
High strength low alloy (HSLA) steels provide an 
attractive alternative for Naval construction programs that 
results in lower fabrication costs and higher productivity. 
HSLA-80 steels were certified in the 1980' s for surface ship 
structural applications and is currently used in CG - 47 and 
DOG-51 class ship construction. A certification program for 
HSLA- 100 steel is currently in progress. 
Lower carbon HSLA - IO Q steel achieves its high strength 
through copper precipitation strengthening, grain refinement 
and sol id solution strengt hening. Alloying with elements such 
as chromium, manganese, molybdenum and nickel is used to raise 
the equivalent carbon content to the same level as HY steels 
thus improving hardenability. specifications and nominal 
compositions of HSLA - 10(l steel are listed in Table 2.1. 
Mechanical properties have the same limits as the HY-lOO steel 
listed in Table 2.2. 
HSLA-lOO steel has two significant advantages over HY-lOO 
steel. The low carbon cont ent of HSLA-100 steel ensures that 
it is not susceptible to HIe at any value of carbon 
eqaivalence. The Grav.ille diagram in Figure 2.1 is an 
illustration of the improved weldability of HSLA-~OO steel. 
Additionally, the HAZ microstructure of HSLA-~OO steel is not 
as susceptible to changes in microstructure from martensite to 
bainite for changes in cooling rate. This allows welding 
wit h out costly p~e!1eat and postheat treatments l owering 
fabrication costs and imp~oving product i vity. 
C. SUBMERGED ARC WELDING 
Submerged arc we l ding (SAW) is an arc we l ding process in 
which metal j oining is accomplished by heating with an arc 
between a bare consumable electrode and the wor:<piece. The arc 
and the welding area are shielded from the atmosphere by a 
blanket of granular, fusible material (flux) p l aced over the 
we lding area ahead of the mechanized electrode. This granular 
f lux is primarily composed of oxides, which when molten cleans 
the weld metal of impurities whic:'l then rise to the surface of 
the weld pool as slag. This slag acts both to protect the weld 
pool from atmospheric contaminants and to reduce heat losses 
thus refining the weld metal. With the fl ux covering the are, 
high arc currents (900 amps or higher) can be used without 
getting a viol ent arc which leads to a high deposition rate. 
The slag a l so reduces heat losses to the surroundings thus 
incredsing the efficiency of t!1e we ldin~ process. SAW 
weldments are limited flat position welding and 
circumferential welding (of pipes) due to relatively large 
volumes of mol ten slag and weld pool_ Figure 2 _ 2 shows the 
setup for a typical submerged arc weld_ [Kou, 1987] 
The weld metal composition of a SAW weldrnent is controlled 
by either control ling the heat input of the we ld thus 
affecting the dilution from the base metal or by adding 
alloying elements via the filler wire or the flux_ Heat input 
is closely controlled in both root pass and other passes of 
HY-1 00 SAW weldrnents to minimize the dilution of carbon from 
the base plate, thereby limiting the likelihood of hydrogen 
induced cracking (HIe) _ A simple measure of heat input (H!) is 
given by: 
HI _ (weld current x weld voltage) I weld speed 
Heat input directly affects the weld pool cooling rate which 
can change the final microstructure of the weld metal_ 
Therefore small changes in weld current or voltage can 
adversely affect weld mechanical properties_ 
In general, proper weld metal chemical composition is 
obtained in SAW weldrnent s by using mild steel (low carbon 
content) filler wire with an alloyed flux or an alloyed filler 
wire with a neutral flux. If an alloy flux i s used, the 
efficiency of alloy transfer from the flux to the weld deposit 
will vary with the arc voltage [Flax, 1971]. In HY-IOO stee l 
welds the composition of the weld filler wire is closely 
contro i led to ensure the weld metal chemistry stays within 
specifications. Required electrode chemistry from MIL-E-2 3765 
is given in Tabl e 2.3. 
Another teature ot the chosen flux, besides alloying, is 
its ability to maintain low oxygen l evels in the we ld metal . 
High oxygen levels in the weld metal;, introduce d tram the 
oxides in the tlux, can result in porosity which is 
undesirable from a strengt:'l and tracture toughness aspect. An 
optimum flux chemistry prevents porosity but leaves s uf ficient 
oxygen (typically 250 - 350 ppm) to torm a quantity of non-
metallic inclusions in the matrix to provide strength and 
fra c ture toug:'lness by changing the final microstructure to 
acicular territe . Previous research shows basic fluxes are 
more etfective at ::::educing oxygen i:1 the weld metal than 
ac i di c fluxes. High basicity fluxes, however, are not 
chemically neutral and therefore alter the weld metal 
cr.emistry through slag metal i:1teractio:1s. Basicity index 
(BI), which is a ratio of the basic oxides to the non-basic 
oxides, is a measure of the fluxe's ability to deoxidize the 
we l d metal. Although several different expressions have been 
developed to define 91, a general equation is given as: 
81 '" ~(% basic oxi des) I E('!; non-basic oxides). 
Contr o ll ing the microstructure and mec:'lanical properties 
of SAW we ldments is a complicated process . The magnitud e of 
:'leat input affects solidification, austentization, quenching, 
tempering and hydrogen diffusion as seen by changes in the 
position of t r.e cont inuous cooling transforrnation feCT} 
curves. The choice of flux aftects the final microstructure 
and composition of the weld meta l a:1d ultimately the 
mechanical properties of the weld. All these factors and 
others must be carefully considered when perfonning submerged 
arc welds. 
GAS METAL ARC WELDING 
Gas metal arc welding (GMAW) , also known as metal inert 
gas (MIG) welding, is an electric arc welding process 
accomplished by heating with an arc established between a 
continuous filler wire (consumable) electrode and the 
workpiece. The arc and the welding area dre shielded from the 
atmosphere by using an inert cover gas such as argon or 
helium. To maintain a stable are, reactive gases such as 
carbon dioxide or oxygen, are added in small quantities to the 
cover gas. Direct - current reverse polari ty (electrode 
positive) is used for most applications for stab l e arc, smooth 
reetal transfer with low splatter and good weld penetration. 
[Kou, 1987) Figure 2.3 shows the setup for a typical gas 
metal arc weld. 
Three basic types of metal transfer Colli occur in the GMAW 
process. In short-circuiting transfer, the filler metal is 
transferred to the weld pool by direct contact. In either 
globular or spray transfer, discrete metal drops travel across 
the arc gap under influence of gravity and/or electromagnetic 
forces . The mode of metal transfer is determined by the 
magnitude of welding current, size of the electrode and 
composition of the shielding gas. [Kou, 1987] 
Unlike the SAW process, welding current for a GMAW 
weldment is much less, typically in the !:"ange of 100 to 400 
amps. The mol ten weld. pool is exposed to the cover gas 
therefore weld pool heat losses a!:"e higher with resulting weld 
efficienc y l ower than SAW. These tactors limit heat input to 
the weld with resulting lower deposition rates as compared to 
SAW. Control of we ld metal chemical com90sition is obtained by 
addition of alloying elements to the filler wire. 
The addition of reactive gases such as carbon dioxide or 
o xygen to the c ove!:" gas for arc stabilization, results in 
oxygen dissolving into the molten weld metal and oxidization 
of some alloying elements. These oxides a!:"e lighter than the 
molten metal and float to the surface of the cooling weld 
pool, forming a slag. This slag does not protect the weld pool 
f rom atmospheric contaminants or reduce heat losses as in SAW. 
Some of these oxides become trapped in the weld metal as non-
meta llic i nclusions. Large amounts of oxygen in the weld metal 
can adversely affect the mechanical properties of the weld in 
two ways. As oxygen forms with strang deoxidizers in the weld 
metal such as manganese (Mn), silicon (Si) or titanium (Til 
strength and/or fracture toughness can be reduced as the final 
microstructure is changed. Secondly, a large amount of 
dissolved oxygen can combine with ca!:"bon to produce carbon 
monoxide in the mol ten metal which creates porosity, again 
reducing strength and tracture toughness. By controlling we l d 
metal oxygen levels to a range of 250 to 400 ppm, porosity can 
be avoided and non-metallic inclusions are formed which can be 
beneficial to fracture toughness and strength by promoting the 
formation of acicular ferrite in the final weld metal 
microstructure. Strong deoxidizers such as MIl, Si, Ti and 
aluminum (AI) are added to the filler wire to prevent loss of 
alloy concentration and limit oxygen levels in the weld metal. 
Final weld metal compOSition is the result of base metal, 
welding wire and c over gas compositions. Changes i n heat input 
(such as weld current or weld speed) or cover gas composition 
can c hange weld metal composition affecting non - metallic 
inclusion size, shape, distribution and composition which 
change final weld metal microstructure and ultimately weld 
mechanical properties. 
E . WELD POOL REACTIONS AND COOLING RATE 
Weld metal composition is controlled by chemical reactions 
occurring in the weld pool at elevated temperatures. It is 
influenced by the choice of welding consumables ( filler metal, 
flux, cover gas), base metal chemistry and operational 
conditions of the weld. Chemical interactions between the 
molten metal and the surroundings (atmosphere, slag) exhibit 
strong non-isothermal behavior, with reactions taking p lace 
within seconds in a small volume where temperature gradients 
on the order of 1000 K/rnm and cooling rates of 1000 K/sec 
exist. Figure 2.4 is a schematic representation of the complex 
thermal cycle e xperienced by the liquid metal during transfer 
10 
from the elect.rode to the weld pool in GMAW. Addit.:'onally a 
lack of adequate thermodynamic data for the ccmplex slag 
met.al react.ion exists. However, with:'n these restrictions, the 
development of we l d metal compositions can be mode l ed l:sing 
t.he basic principles of deoxidation. [Grong, 1986J 
Grong and Christensen modeled t he weld pool during arc 
weld i n g a s a simp l ified two-stage reaction for chemical 
i nteract ions which assumes: 
• a hig h temperdture stage where at l ea s t some of the 
reactions approach a state of local e quilibrium, 
• a cco1ing stage, where the concent.rations estdblished 
dur:'ng t.he i ni t ia l stage tend to readjust by precipitation 
of new phases. 
~he high temperat.ure stage comprises both gas - metal and s l ag 
me tal interactio r::s occurring at the e l ectrode tip, i n the 
hot pdrt of the weld pool be'leath the root of the arc 
(temperature range 1600 to 2400 OC). The second st.age starts 
fol l ow':'ng the passage of the arc and is characterized b y 
deoxi dat:ion reactions (i.e. precipitation of non -rr.etal1ic 
inclusions) . (Groog, 1986J 
Partia l oxidation at the weld metal occurs as oxygen from 
the cover gas in GMAW or the flux i n SAW reacts rapidly due to 
high temperatures and large interfacia l cont.act area for 
inte:::-actions. The rate controlling step in weld metal 
d e oxidation is the removal of the inclusion from t:he we l d p801 
because of t.he l imited time available for se!;lardtion of t.he 
pre cipitated particles. Based on research by Grong and 
Christensen it is conc l uded that final concentrations of 
oxygen, silicon and manganese i n GMAW weldments are control l ed 
by reactions in the hot part of the weld pool. From this 
conclusion it follows that all inclusions formed at 
temperatures below 1800 °C are trapped in the weld metal. 
{Grong, H86] 
A characteristic feature of the weld pool model is that 
the temperature does not appear to vary with time when 
observed from a point located in the heat source. A graphical 
representation of the temperature field around the moving 
source is given in Figure 2.5 {Grong, 1986]. This figure shows 
that temperatures in the forward part of the weld pool 
increase rapidly to a peak of about 2000 °C and characteristic 
temperature ranges where specific chemical and physical 
reactions occur during cooling _ Since the retention time at a 
given t emperature depends on the applied operational 
conditions, a change in heat input (HI] will not only effect 
the cooling rate through the critical temperature range during 
the 'aus tenite to ferrite transformation, but also influences 
the weld metal chemical composition, inclusion size 
distribution, solidification microstructure and prior 
austenite grain size [Grong, 1986] _ A formula to determine the 
cooling rate based on heat input is given by: 
CR _ A (T-To)2 I HI 
where A is a constant, T is the instantaneous temperature and 
To i s the base metal t~mperature [Kettel, 1993]. 
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For we l ding of steel the cooling time from 800 to 500 "c 
(dt s / s ) is accepted as a n adequate index for the ther.r.al 
conditions under which the austenite to fer::::ite transfo!:1l\ation 
occurs. This cooling time can be approximated by the equation; 
dts/S - 5 n E 
where n is the welding efficiency (n = . EO to . 8 fo!:" GMAN, n = 
.95 f or SAW) and E is the gross heat input in KJ/mm (as given 
for HI p reviously) _ {Grong, 1986] 
In ac t uality dCS/S depends on many factors including pla t e 
t hickness and thermal conductivity . The microstructure formed 
af te r t h e austenite to ferrite transformation is directly 
related to the cooling time fram 800 to 500 °C . Depending on 
the we ld me tal composition, the microstructure changes from 
martens i te and/or bainite for dt s / s less than five seconds t o 
a cicula r ferr i te for dt s / s just greater than five seconds to 
other types o f ferrite and pearlite as dtS/ 5 increases to 100 
seconds. {Grong , 1986] 
P. NON-METALLIC INCLUS I ONS 
Non - metallic inclusions found distributed throughout high 
strength steel welds are the result of deoxidation and/or 
desulphurization reactions taking place within the weld pool 
~Court, 1985J. Extensive research during the past two decades 
has shown these inclusions, typically 0.2 to 2.0 rr,icrons in 
diameter. p l ay an important role in determining the final 
microstruct u re of the :.weld metal. Of particul ar interes::' is 
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the role of these inclusions on t he nucleation of acicular 
ferrite which is the microstructure generally accepted as the 
best for optimizing strength and fracture toughness. 
1.. Sources 
TwO types of inclusions are commonly found in steel 
weldments, exogenous or indigenous. Exogenous inclusions occur 
due to entrapment of welding slag and surface scale . These 
inclusions are always detrimental to the mechanical properties 
of the weld. Of significantly more importance for control of 
weld metal mechanica l properties are indigenous inclusions. 
These inclusions are formed as a result of deoxidation 
reactions (oxides) or solid state precipitation reactions 
(nitrides, carbides). They are almost always heterogeneous in 
nature both with respect to chemistry (multiphase) , shape and 
crystallographic properties as a result of the complex 
alloying systems involved [Haddock, 1988]. 
2. Size Distribution 
As compared to nonnal cast steel, non -metal lic 
inclus ions in steel we lds have a much larger number of 
inclus ions that are smaller in size. This i s due to the 
limited time during the we ld pool solidification for growth 
and separation of the particles. A maj or factor in determining 
inclusion size in SAW we l drnents is flux basicity [Grong, 
1986]. However variations in weld metal composition and weld 
heat input also strongly influence the inclusion size 
distr ibutio n. The effects of heat input on inclusion size 
distribution are seen in the larger inclusions found in SAW 
weldments (high heat input) as compared to GV.At'i weldments (low 
heat input). This is attributed to the slower cooling rate for 
higher heat input allowing more time for growth of the 
inclusions. 
3. Oxygen 
Oxygen is introduced into the weld poo l from the cover 
gas i n GMAW and from the flux i n SAW. This oxygen forms with 
the deox idizers present in the weld poo l and due to the short 
time involved for weld pool solidification, many become 
trapped. Large inclusions (> 2 micron) have an adverse affect 
on weld metal fracture toughness by acting as crack initiators 
and propagators. However, oxides in the form of small 
inclusions may affect the final microstructure in ways that 
are beneficial for weld metal mechanical properties. 
For high weld metal oxygen concentrations {> 600 ppm}, 
a large number of small inclusions (0 . 1 to 0.2 micrQI:S) f orm 
in the weld metal which effectivel y pin the prior austenite 
g:::-ain boundaries and restrict grain growth. The fir.e aust e ni te 
grains give a large surface area to volume ratio providing 
more grain boundaries which promote ferrite nucleation at the 
grain boundaries . Grain boundary ferrite is not desirable in 
the weld metal from a strength and fracture toughness 
standpoint. 
At low levels of weld metal oxygen « 200 ppm) there 
is insufficient oxygen to form a large number of inclusions. 
Based on weld metal composition and cooling rate bainitic 
and/or martensitic microstructures are likely. While these 
microstructures provide good strength characteristics, 
fracture toughness is much less than for an acicular ferrite 
microstructure. 
Medium concentrations of oxygen (250 to 400 ppm) i n 
the weld metal can create a s i ze and distribution of non-
metallic inclusions t.hat. is opt.imum for formation of acicular 
ferr i t.e. These inclusions are large enough (0.3 t.o 1. 0 
microns) such that. aust.enit.e grain boundaries are not pinned 
and the inclusions are overgrown by t.he austenite grains 
leaving t.hem int.ragranular. These int.ragranular inclusions 
provide t.he initial nucleation sites for acicular ferrite. An 
opt.imum size distribut.ion results in an optimum inclusion 
densit.y wit.hin the austenite grains cont.rolling both the 
volume fraction of grain boundary ferrit.e a nd acicular 
ferrit.e. The opt.imum size dist.ribution would lie somewhere 
bet.ween t.he curves for high and low weld deposit oxygen shown 
in Figure 2.7 [Ol son, ::'990}. 
4. Deoxidizers 
High levels of oxygen in the weld metal are 
det.rimenta l to strength and fracture t.oughness due t.o porosity 
and adve:::.-se affects on the fina l microstructure _ To control 
weld metal oxygen concent:::ation and prevent loss of alloys 
from the base metal, deoxidizers are added to the we ld metal 
from the weld wire and/or the flux_ These elements combine 
with the oxygen to form oxides that float to the top of the 
molten weld pool as slag. ~hose oxides unable to f l oat out of 
the we l d poo l due to the rapid solidification become trapped 
and f o rm the non-metallic inclusions that can be beneficial 
for we l d mect-.anical properties. The combination of deoxidize r s 
used can significant l y affect the inclusion size distribution 
and the a b ility of the inclusions to act as nucleation sites 
f or acicular ferrite. 
The roles of metal deoxidants and the mol ten slag 
metal i nterface in the formation o~ inclusions are relatively 
well understood for the near equilibrium case of mol ten steel . 
Using thermodynamic data and/or quartenary and ternary phase 
diagrams steel makers are able to predict inclus ion 
compos it i on [Philbrook, 1977 ] . Using a simp l e model, assu:ung 
onl y a single deoxidizing agent exists, the reactior. 
equ i librium constant (K) can be ca l culated as: 
K = {a(M) xa{O)}-l 
where a(M) and a{O) a:::e the oxide activities. Assuming low 
alloy steels the activities could be considered as e quivalent 
to thei::: weight percent (wt-%) changing tt-.e equation to: 
K = {{%M) X(%O)} -l 
Figure 2.6 could now be used to predict the phases in the 
inclusion based on weld metal chemical composition. In the 
actual case of multiple deoxidizers the activities would 
require corrections by using interaction coefficients which 
are based on equilibrium conditions. [Harding, 1986] 
In the non-equilibrium conditions in the weld pool, 
where melting and solidification are rapid, these reactions 
are much more complex. Additionally Eor SAW weldrnents there is 
considerable debate on slag metal interactions and the 
release of oxygen and metal ions in the molten weld pool 
[Dowling, 1986]. Consequently a model for predicting the 
origins and phases of weld metal inclusions has not been 
developed. This requires that any discussion of inclusion 
composition be based on qualitative analysis of experimental 
data. The effects of the most common deoxidizers are discussed 
below. 
a. Aluminum 
Of the elements added to the weld metal for control 
of weld metal oxygen, aluminum is the most reactive. The 
beneficial effects of aluminum containing inclusions on the 
formation of acicular ferrite have been observed by many 
researchers [Saggese 1983, Bhatti :!.984]. The work of Bhatti 
suggests that those inclusions that contain large amounts of 
aluminum are efficient acicular ferrite nucleation sites. More 
recent work by Terashima and Hart shows that aluminum in high 
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concentrations in the we ld metal has a detrimental effec t on 
weld metal properties if oxygen leve l s are low, as a shift 
from acicular ferrite to ferr::te wi th aligned second phases 
occurs [Terashima, 1984]. An important result of Terashima's 
research is that an optimum inclusion f::'eld tor fonnation of 
acicular ferrite existed =-f the ratio o f [wt- ,!; AL1/ [wt- % 0]2 
equals 2 8 _ Fi gure 2. a clearly shows how the inclusion size and 
density vari es with this ratio and the effect on fractu r e 
toughness a s the amount of acicular fe!:."rite in the final 
microstruc ture changes [Terashima, 1984 ]. As this ratio 
increase s above 28, inclusion diameter i nc reases due to 
clust ering and the inclusion density decreases rapidly I 
resulting in a shift from an acicular ferrite microstructure 
[Grong, 1986J. 
b. Titanium 
Titanium is the second most effective deoxidizer 
added t o the we ld metal. At high concentrations of aluminum in 
the weld metal, titanium seems to have little or no effect on 
the ability of an i nclusion to nucleate acicular ferrite. 
However, at low weld metal aluminum concentrations, titanium 
seems to play an active role in nucleation of acicular ferrite 
[Grong, 1986 ]. Saggese shows in his research that high volume 
fractions of acicular ferrite are always achieved when 
sufficient amounts of titanium are in the weld metal, 
i rrespective of aluminum content (Figure 2.9) [Saggese, 1983 j . 
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Titanium in very high concentrations (typically> 0.05 wt-%) 
can lead to deterioration in fracture toughness caused by 
precipitation of finely dispersed coherent TiN particles 
the ferrite which overshadows the beneficial effects of 
titanium on the gross microstructure. 
silicon 
Si l icon is added to high strength metals as a solid 
solution strengthener. Silicon lowers the austenite to ferrite 
transformation temperature which increases hardenability. 
Silicon is also an effective deoxidizer. Another beneficial 
aspect ot' si licon i s that it increases the fluidity of the 
mol ten weld pool allowing oxides scavenged in the weld pool to 
more easily escape to the surface {Shackleton, J..972]. 
In general silicon is considered detrimental to the 
fracture toughness even in small concentrations as a result of 
the formation of martensite and/or austenite microphases and 
an increase in weld strength level. This tends to overshadow 
any beneficial effects that silicon has on the development of 
an acicular ferrite microstructure [Grong, J..986 ] . However, as 
silicon levels are lowered to levels less than 0.5 wt-%' some 
improvements in weld metal fracture toughness are achieved. In 
GMAW weldrnents a correlation between decreasing inclusion 
volume fraction and an increase in the [wt-%" Mn J / [wt-% Sil 
ratio in the weld metal has been observed. This observat ion 
indicates that increasing si l icon concentration at a constant 
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manganese concentration increases the inc l usion volume 
fraction which can improve weld metal mechanical proper t ies. 
[Abs o o , 1936 ] 
Although the effects of silicon a r e complex, 
optimum silicon contents for SAW weldmenc s appear to l ie in a 
range of 0.2 to 0.5 wc-I!; [Absoo, 1986]. The low figure is 
a ppr opr i ate for we l d deposits with low oxygen and/or high 
a l umi num. The high figure i s appropriate for weld deposits of 
hi gh oxygen and/or l ow aluminum. For GMAW weldmenc s silicon 
l e ve l s near 0.3 wC-'/; are acceptable. 
d. Manganese 
After carbon, manganese is probabl y the most 
imp ortant alloying element used to increase strength and 
hardenabi lic y of hig h strength steels . As an austen i t e 
stabilizer , manganese lowers the austeni te to ferrite 
t r a nsfo rmation temperature which tends to prOF.lote the 
f o rmat i o n o f acicu l ar ferrite in the weld metal as well as a 
gene r a l refinement of the microstructure. Although a weak 
deoxidizer, the concentration of manganese in the weld metal 
is normally much higher than the other deoxidizers a l lowing it 
to take part in the deoxidation process. Manganese a l so acts 
as a solid sol ution strengthener allowing a reduction in 
carbon content while maintaining high strength. Thus manganese 
is normal ly found in the base metal in excess of 1.0 wt - % and 
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is added to the filler wire or the flux to prevent loss of 
strength due to the oxidation process. 
Besides its contribution to strength and 
deoxidation, manganese is also important for de sulphurizing 
the weld metal. By precipitating MIlS vice FeS, the tendency 
for hot crack formation along grain boundaries is eliminated. 
This is accomplished by maintaining a ratio of [wt-% Mn] / [wt - %-
S] greater than 50. [Grong, 1986] 
Manganese generally has a greater strengthening 
effect in weld metals than can be accounted for simply in 
terms of solid solution hardening [Abson, 1.986]. Research by 
Evans demonstrated that t he amount of manganese in the weld 
me tal is critical for obtaining maximum amounts of acicular 
ferrite . At low manganese concentrations « 1. .0 wt-%), with 
other conditions optimized, only 30 It acicular ferrite was 
aChieved. At manganese concentrations of 1..35 to 1.8 wt- % the 
amount of acicular ferrite in the weld metal was increased to 
75 % [Evans, 1993] . This increase in acicular ferrite is 
probably due to the increased hardenability from the increased 
manganese which lowers the austenite to ferrite transformation 
temperature to a value optimum for acicular ferrite formation. 
Other research [Bhatti 1.984, Dowling 1986] shows that a strong 
manganese dependence with aluminum and titanium exists for 
forming inclusions that promote the formation of acicular 
ferrite. 
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5. Inclusion Composition 
The affect of inclusion composition on the formation 
of acicular ferrite is unclear. Early researchers [Do l by 1976, 
Kirkwood 1978, Abean 1978, Pargeter 1981] believed the 
controlling factors in determining the effectiveness of 
inc l usions as nucleants were vo l wne fraction and size 
d istribut i on . Others [Farrar 1979, Harrison 1981 ] concentrated 
o n the indirect effect that inclusion chemistry may have on 
hardenability, with the view that acicular ferrite developed 
based on manganese concentration exceeding 1.1 wt - %. More 
recent res earch [Bhatti ,1984, Ramsey 1988, Evans 1993] shows 
that inclusior.. chemical composition is an important factor for 
nuc leatio n of acicular ferrite. Since all these factors appear 
to have some affect on the nucleation of acicular ferrite the 
exac t mechanism for nucleation of acicular ferrite is clearly 
n o t well understood. [Bhatti, 1984] 
Multiple phases have been identified in most 
incl us ions. Of these phases the most prominent are a titanium 
rich phase, aluminum manganese phase, manganese sulfide phase 
and a silica phase [Dowling, 1986]. Separation of the 
diffr act ion patterns obtained from the TEM for the multiple 
phases i s a difficult process. Therefore mul tiple combinations 
of these phases may exist. For this reason the MnO -Al 20) - Si02 
ternary diagrar:"l is often used for assessing the inclusion 
composition. Since a titanium rich p hase also exists a 
quaternary phase diagram containir..g Ti02 woul d be appropriate 
23 
for evaluation. A literature review has failed to show the 
existence of this phase diagram. 
Although diffraction information is inconclusive, 
significant information has been gained from research of 
inclusion composition. TEM analysis of carbon replica samples 
by Ramsey and 3hatti in different research projects has shown 
that acicular ferrite only nucleates on inclusions that have 
at least one flat or faceted face. This face appears in 
inclusions that are either rich in titanium (>10 %) or 
inclusions that contain more aluminum than manganese. Although 
manganese appears to be an important component for inclusion 
formation, it produces a spherical smooth inclusion that does 
not appear to nucleate acicular ferrite. Bhatti found that 
maintaining weld metal composition such that the ratio of [wt -
% Mn)/[wt-%Al) (in the inclusions) less than 0.24 formed 
inclusions rich in aluminum which promoted formation of 
acicular ferrite [Bhatti , 1984]. Evans found that manganese 
levels above 1.35 wt -% were optimum for acicular ferrite, but 
the amount of acicular ferrite formed became sensitive to the 
amount of titanium present as manganese concentration in the 
weld meta l increased above 1.0 wt -% [Evans, ::.993]. In both 
these research proj ects the weld metal contained only 
significant amounts of titanium or aluminum but not both. 
Ramsey, working with weld metal low in both ti::anium (s 0.011 
wt-%) and low in aluminum (s 0 .009 wt -%) found that inclusions 
formed only on faceted incl usions but could make no conclusion 
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on requirEd alum::num or titanium concent!:"ations. Pete::::-s, using 
auger analysis on a SEM, determined that the titanium phase in 
the ir.clusions was TiN. While possible , there is ample 
evidence that the titanium phase in the inclusiO!1s is more 
likely a titanium oxide. 
Based on these observations it can be cor-cluded that 
the composition of the inclusior. is impo!:"tant fa::: nucleation 
0': acicular ferrite . Inclusions must be rich i n aluminum or 
titanium to form inclusions with flat faces which act as 
nucleation sites for acicular fer:::-ite. Aluminum concentrations 
of 0.0 2 5 to 0 . 035 we - %- were adequate for fo~tion of good 
inclusions with titanium concentrations less than 0.005 we-%-
or concentrations of 0.030 wt-%- of titanium are adequate 
rega:::.-dless of aluminum concent:::.-ation . Therefore if the other 
fac tors for acicular fer:::.-ite formation are met then 
maintaining weld metal composition with a combined (wt - % AI) 
+ (wt- l Ti l equal to 0.03 should be adequate to form non-
metallic inclusions whi ch will nucleate acicular ferrite. 
G. AC ICULAR FERRITE 
A weld that achieves both strength and fracture toughness 
equivalent to the base metal is desirable. The formation of 
large proportions of upper bainite, martensite, ferri l.e side 
plates or grain bO'.lndary fe:::.-rite is detrimental to fractUre 
toughness since these microst!"uctures provide preferential 
crack propagation paths. By virtue of its small grain size 
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(typically 1 to 3 micron) and high angle grain boundaries, a 
microstructure of acicular ferrite slows crack propagation and 
optimizes both strength and fracture toughness. Figure 2.10 
shows how acicular ferrite inhibits crack growth better in 
acicular ferrite as compared to bainite and/or martensite. 
Since a microstructure of acicular ferrite optimizes weld 
metal mechanical properties, welding consumables and 
procedures are designed to maximize the proportion of final 
microstructure that is acicular territe. 
Acicular ferrite is a phase formed by the transformation 
of austenite during cooling of the weld deposit. It forms in 
a temperature range where diffusional transformations become 
relatively sluggish and displacive transformat ions such as 
Widmanstatten ferrite, bainite and martensite dominate 
[Yang,1989]. Its morphology consists of non-parallel plates of 
ferrite, nucleated intragranularly on inclusions i n the coarse 
austenite grains. Multiple plates can nucleate on a single 
inclusion and subsequent plates can nucleate sympathetically 
on inclusion nucleated plates creating the basketweave pattern 
that identifies acicular ferrite. 
The mechanism for trans format ion of acicular ferrit e i s 
not wel l understood, however, its formation seems to depend on 
complex interactions between several variables such as: 
• total weld metal allay content 
• concentration, chemical composition, and size distribution 
of non-metallic inclusions 
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• prior austenite grain size 
• we ld thermal cycle . 
Each of these variables are complex and' are discussed i n more 
detail. [Grong. 1986] 
1. Total Alloy Content 
Alloying elements present in the weld metal are 
introduced through the tiller wire and/or flux or from 
dilution of the base metal. Additions of alloys senre to 
ensure desired strength requirements by solid solution or 
precipi tation strengthening or control of the microstructure 
by modifying the austenite to ferrite transformat ion 
temperature. The ability of an alloy to accomplish these goals 
is often measured by a s teels hardenability. When many alloys 
are used the carbon equivalence is used as a hardenability 
index, ranking the influence of the various alloy elements on 
the s t eel transformation behavior relative to carbon [Grong , 
1986J. Al t hough the ca ::::bon equivalents we::::e originally 
developed to evaluate base metal cold crack.ing susceptibility, 
they also prove useful to clarify the complex relat ionships 
between weld metal composition and the resulting 
transformation behavior of the weld deposit. A n'Jmber of 
carbon equivalent (eEl have been developed wi tl1 frequently 
used equations by Graville (see Figure 2.1l and the Ito-Bessyo 
equivalent given by; 
POI - C + (Mn+Cr+Cul/20 + Si/30 + V/10 + Mo/1S + Ni/60 + 59 
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where the value of each of the elements is given in weight 
percent [Grong, 1986]. 
Figure 2.11 shows that the effect of increasing carbon 
equivalence, and thereby increasing the hardenability, is to 
shift the continuous cooling curves to the right. This lowe rs 
the austenite to ferrite transformation temperature promoting 
higher strength microstructures for a given cooling rate 
[Olson, 1990]. Transformation temperatures less than 500 cc 
favor bainite or martensite microstructures. Transformation 
temperatures greater than 650 cc favor ferrite s ide p lates or 
grain boundary ferrite as the transformation temperature 
continues to increase. To optimize hardenability for the 
forma tion of acicular ferrite the carbon equivalence should be 
at a medium level with transformation temperatures in the 
range of 500 to 650 cC. [Abson,1986] This clearly shows why 
controlling the amount o f manganese is important to the 
formation of acicular ferrite. Note that the above analysis 
assumes that the other variables are also optimized for 
formation of acicular ferrite. 
2. Nan-metallic inclusions 
a. Oualit:ative Analysis 
The details of non-metallic inclusions 
discussed in the previous section. This discussion will 
concentrate on a qualitative analysis of previous research as 
it pertains to the ::::ormation of acicular ferrite. To maximize 
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:::r.e oppo:!:"tuni:::y for fonnation of large proportions of acicular 
ferrite in the weld metal optimum non-meta l lic inclusion 
concentration, composition and size distr ibution must be 
obtained. 
The concentration of inc l usions includes botr. :::.te 
volume fraction and the distribution o f the ir..clusions . I: tr.e 
volume fraction of inclusions is small, then although ferrite 
may nucleate on the inclusion, it wi l l not achieve the smal l 
basket - weave pattern associated with acicular ferrite. If the 
dist ribution is not uniform, clustering of the inc l usions 
e xists , then the formation of acicula:::- ferrite wil l be 
local ized and the proportion of the we l d mecal with an 
acicular ferrite microstructure is reduced. 
Large inc l usions (> 2 mi:::rons) act t o degrade ::he 
~racture ::oughness of the weld by acting as crack initiators 
and/or propagators. Large numbers of small inclusions «0.2 
microns) tend to pin prior austeni te grain boundaries 
promoting the forrration uf grain boundary :norphologies rathe:::: 
tr.an acicular ferr i te. Typically inclus ion size distributions 
that have many sma l ler inclusions , but greater than 0.1 
micron, with an average inc l usion size near 0.5 microns seem 
to be the best: to promote the fonnation of acicular ferrite. 
As previously discussed, the composi'tion of the 
inc l usions is also important for nuc l eating acicular fer:::-ite. 
TEM analysis of samples from differem: steels and welding 
processes ."las shown that acicular ferrite nucleates onl y on 
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inclusions that form with one or more flat or faceted faces. 
Only those inclusions that have an adequate amount of titanium 
rich or aluminum rich phases meet this requirement. 
A qualitative analysis of previous research 
indicates that an optimum inclusion field is obtained through 
control of we l d metal chemical composition. In general, to 
form an optimum inclusion field the amount of five elements, 
oxygen, manganese, silicon, aluminum and titanium, must be 
controlled. Oxygen in the weld metal must be in the range of 
250 to 400 ppm to control inclusion size distribution. 
Manganese concentrations must be greater than one percent such 
that when combined with 0.3 percent silicon the correct 
hardenability for a transformation temperature near 600°C 
exists. If a combination of aluminum plus titanium 
concentration i s 300 to 400 ppm then the inclusions will have 
faceted edges as required to nucleate acicular ferrite. 
b. Nucleation Mechanisms 
Three mechanisms for acicular ferrite nucleation at 
the inclusions have been proposed. All three mechanisms are 
based on the classical theory of heterogeneous nucleation, 
nucleation by low mismatch interfaces between the inclusion 
and the ferrite, nucleation at a high energy inert substrate 
and nuc l eation in a region of high strain energy [Dowling, 
1986 1 . Since lit t le is actually known about the formation of 
inclusion phases, it is difficult to pinpoint the actual 
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nucleation :nechanis:n, however, anal ysis of previous :::-esearch 
does provide some possibili~ies. 
An investigation of acicular ferrite nucleation as 
a :::-esult ot c:he strain field around an inclusion created due 
to differences in thermal expansion between the phases of the 
inclusion and the ferrite is difficult. Although large 
differences in thermal expansion coefficients exist between 
ferrite and AIz03'MnO or TiC phases, other Eacto::::s make the 
analysis complex. Angular phases such as A1 20 J 'MnO and TiO 
form as solids in the molten weld pool. Other lower melting 
temperature phases woul d exist as liquids after solidification 
of the weld metal. In addition some ot the aluminum-manganese 
spinels undergo phase transformation as they cool. [Dowling, 
1986] Therefore the::::e are too many unknown variables to 
determine a n accurate value for the strain field c::::eated by 
the ::nclusi on. Dallam and Olson have attempted a qualitat i ve 
analysis by simulating the thennal-mechanical conditions of a 
weld. They found that the influence of the strain fields 
generated was insignificant to weld metal fe::::rite fonnation, 
suggesting that this nucleat::on mechanism is not a major 
factor for nucleation of acicular ferrite. [RamseY,l988 ] 
TEM analysis of inclusions has shown that ferrite 
nuc l eation only occurs on flat or faceted phases. This would 
suggest that an ep::~axial rela~ionship r:1ay ex::st which is 
::::esponsible for some phases being better nucleation sites than 
others. Titanium oxide (TiO) which has been p::::oposed as the 
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titanium rich phase found in inclusions has been observed to 
be an excellent phase for acicular ferrite nucleation. Thi s 
phase which is a FCC structure would have a low mismatch 
relationship with ferrite supporting this theory for acicular 
ferrite nucleation. However, of the multiple TEM samples 
analyzed by Dowling and others no conclusive evidence of 
epitaxial relationships were found [Dowling, ~9B61. In 
addition, many of the inclusions observed lacked well defined 
crystallographic faces, making epitaxial re l ationships 
unlikely. Considering the difficulties of TEM diffraction 
analysis of mUltiphase inclusions and the uncertainties of the 
actual phases present in inclusions, this nucleation model 
cannot be completely discounted. 
The most widely accepted explanation for nucleation 
of ac i cular ferrite is that the inclusion acts as an inert 
substrate. The inclusion is a favorable nucleation site if a 
high-energy interface exists, thus lowering the energy barrier 
for nucleation. Using a general assumption that surface energy 
increases wi th mel ting temperature, then phases such as TiO, 
Al 20 3 'MoO, Si02 and MoS would have high surface e nergies and 
be good nucleation sites. Manganese silicates would be less 
efficient nucleation phases. This nucleation theory seems 
plausible with the exception that MoS phases in inc l usions 
have been identified as very poor nucleation sites. This is 
probably because the MoS inclusion is spherical and soft which 
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wou l d wo uld not provide a suitable site for nucleation of :::he 
ferrite. 
rev~ew, TEM examination of iIlclusions has 
provided evidence that supports and refutes all three 
nuc l eation :::heories. The answer to this important question, 
what nucleation mechanism promotes ferrite nucleation, will 
probab l y remai:l a mystery until more is known about t he 
composition of the inclusions. 
3 . Pr ior Austenite Grain Si:ze 
The formatio!l of acicular ferrite requires large 
austenite grains (typically:> 45 micron). Smal l er austenite 
grains provide a large surface area to volume ratio of grain 
boundaries, providing large of energy for 
transformation. This facilitates grain boundary ferrite 
nuc l eat i on at smal l undercoolings. Weld deposits with large 
concentrations of oxygen (:> 600 ppm) normally have large 
vo lume fractions of grain boundary ferrite. 
4. Weld Thermal Cycle 
In addition to weld deposit :1.ardenability, the cooling 
rate of the weld pool is of major significance when 
considering solid-state transformation reactions. Coo l ing rate 
controls the time available for atomic diffusion and 
nucleation/growth of the transformation products. For welding 
of steels, the time to cool the weld from 800 to 500 "C 
(dta/s ) is considered to be a controlling factor for weld 
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metal microstructure. For long periods (dts/s - 100 seconds), 
sufficient time for diffusion and nucleation/growth exists and 
the f i nal microstructure will be predominatel y grain boundary 
ferrite. For dts/ s < 5 seconds insufficient time fo r diffus i :m 
exists so the final weld metal microstructure wil l consist of 
bainite and/or martensite which depend on displacesive rather 
than diffusion transformations. For HSLA steels a dt s/s near 
15 seconds will produce a predominately acicular ferrite 
microstructure in the weld metal [Olson, 1990] . 
The effects of changing the cool ing rate in the weld 
pool is not limited to solid+state transformations. Upon 
decreasing t he cooling rate, larger delta-ferrite grains will 
form in the delta phase which tends to make larger austenite 
grains upon cooling [Olson, 1990]. This effect can also 
optimize the weld metal transformation for acicular ferrite 
formation. 
In summary, the variables that affect the nuc leation of 
acicular ferrite are complex and have interdependencie s that 
make formation of accurate prediction models difficult to 
formulate. For this reason, qualitative analysiS of weld metal 
deposits a nd conditions c ontinues to be the most valuable tool 
for understanding how welding parameters affect t he fonnation 
of acicular ferrite. 
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SCOPE OP THE PRESENT WORK 
The purpose o~ the present work was to determine how weld 
metal composition affect's the composition, size distribution 
and concentration of non-metallic inclusions and ultimately 
the formation of acicular ferrite. This research is in support 
of the research and development program aimed at certifying 
HSLA - IOO steel for shipbuilding, currently being conducted by 
the Naval Surface Warfare Center, Carderock Division, 
Annapolis Detachment. 
Submerged arc welds on HY-IOD steel with different fluxes 
and gas metal <ire welds on HSLA-IOO stee l with varying cover 
gases were used to produce weld deposits with varying amounts 
of alloys and oxygen concentrations. Previous work on these 
samples a t the Naval Postgraduate School con centrated on how 
the different f luxes and cover gases affect.ed t he non - metallic 
inclusions and u:timately the weld mechani cal properties . The 
present research used the results of these investigations 
[Kettel 1993, Seraiva 1993J and probed further into the 
reasons the resulting we ld metal compOSitions influenced t.he 
final we l d metal mechanical properties. In addition, 
procedural ch<inges were introduced for SEM EDX analysis which 
correct the composition of the inclusions found in the 
previous research. 
Different weld metals and we l d types were used for this 
anal ysis so that traits cornman to both weld types would be 
ind:'cative of parameters that could be us e d to predict op t imurn 
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weld mechanical properties. This proj ect concentrates on 
predicting a weld metal chemical composition that enhances 
fonnation of acicular ferrite by a qualitative analysis. The 
"how to " of ob taining this optimum weld metal composition is 






















SAW Process [Metals Handbook, 1983) 
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GMAW proCeSSF1[~:t:l~·3HandbOOk, 1983J 
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Figure 2.4 
Schematic diagram of the main process stages in GMA 
welds. Characteristic temperatures for each stage are 





I ~ g> ~ 
iU Ii 
Figure 2.5 
Schemat i c diagraI:! il l ustrating wel:! centerline peak 
temp e r atures as a f u nction of d istance from the roo t arc . 
Includ es characteristic temperature range~ for chemi cal 
and physical reaction s . [Grong, 1986] 
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Figure 2.6 
Size distribution o f inclusions extracted from 




Deoxidation equi l ibria in liquid iron at ~600 °c. 
[Haddock, J.966] 
Figure 2. a 
Relationship between weld deposit [wt% Al]j [wt% 0]2 
ratio and (a) 35 J charpy transition temperature; 
(b) inclusion size distribution for microalloyed S i ~ Mn­
AI-Ti deoxidized steel welds; data from Terashima and 
Hart. [Grong , '. 1986] 
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Weld metal acicular ferrite vs (a ) weld metal [wtt; Al) 
I iwt t; 0]2 ratio for different l evels of titanium from 
wi re or flux and (bi titanium concentration i n 
inclus ions. [?rong, :..98 6) 
AOCULAR FERRITE 
F1~re 2.10 ropagation through d~agram showl.ng C~~~O~dS, 1990J ~~~~:;~i~iC;ostructures . 
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F i gure 2 . 11 
Continu ous cool i ng tranSformation (CCT) d i agr= 
showing the effects of alloy ing elements , incl usion 
formers and cooling rate on weld metal 





TABLE 2.1 COMPOSITION OF HIGH STRENGTH 
STRUCTURAL STEELS 
[Czyryca, 1990] 
BY-I00 HSLA-100 BY-I00 HSLA-I00 
MIL - S1621K MIL-S24645A Nominal Nominal 
0.14-0.20 0 . 06 0.17 0 . 04 
0.10-0.40 0 . 7 5-1.05 0.25 0.90 
0 . 015 0.015 0.01 0 . 01 
0 . 008 0 . 006 0.01 0 . 005 
0.15 - 0.38 0 .4 0 0 .25 0.25 
2.75 - 3 .5 0 3 . 35-3 65 2.90 3 .50 
1.40 - 1.80 0.45-0 . 75 1. 40 0.60 
0.35-0 .6 0 0 . 55-0 .6 5 0.40 0 .6 0 
0.25 1.45-1.75 0 . 05 1. 60 
nil 0.02-0.06 0 . 03 
nil nil 0.01 
0.81 0.81 
Carbon equivalent (CE) 
CE , C + (Mn+Sij /6 + (Ni+Cuj /lS + (Cr+Mo+Vj /S 
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TABLE 2 .2 MECRANlCAL PROPERTI ES LIMITS OF 
HIGH STRENGTH STRUCTURAL STEELS 
[MIL - E-23765/2D (SH), 1990 ] 
PROPERTY 
Yield strength 
Percent El ongation 
Charpy Impact Toughness ( - 30 OF) 
Charpy I IT.pact Toughness {O OF} 
Dynamic Tear Tou ghnes s ( - 20 OF) 







45 ft · lb 
60 ft - ln 
400 ft - lb 
575 ft - lb 
TABLE 2. 3 BY-IOO SAW ELECTRODE C8 EMISTRY 
[MIIJ-E-23765] 
I  C I _ I S1 I S I ., I Mo 
min I  I 0 . 90 I I I 1.00 I 0.30 
~ 0 .09 I 2.35 I 0 . 60 I 0 OU 0 . 008 I 3 . 00 I 1.00 
I  Cr I V I Al I T1 Zr I H I 
min I  I I I I I 
I  0 . 80 I 0.03 I 0 .'0 I o. :.0 0." I 5 . 5 I 
All l i mits in we i ght percen t e x cept H which is ml llOO gr 
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III. EXI'ERIMENTAL PROCEDURES AND RESULTS 
A. WELD DEI'OSITS 
~. SAW Samples 
Five, one inch HY-IOO base plates were welded by the 
Annapolis Detachment of the Carderock Division of Naval 
Surface Warfare Center (NWSC) using a single -vee butt we ld 
geometry. Heat input was r es tricted to 55.3 KJjin (2.177 
KJjnun) to achieve the desired tensile strength in the weld 
metal and to avoid proeutectoid ferrite formation. Cooling 
rates i n the we ld pool were measured using chromel-alurnel 
thermocouples which provided good readings en 50 % of the weld 
passes. Measured cooling rates showed close agreement to 
calculated cooling rates. Weld conditions were controlled to 
optimize the analysis of flux inf luence on t he we ld metal 
mechanical properties. Weld control parameters are listed in 
Table 3 .1. The calculated basicity i n dex for each of the 
fluxes used are listed in Table 3.2. Additional information on 
flux types and compositions is found in the Master's Thesis of 
K. W. Kettel from the Naval Postgraduate School [Ket tel, 
1993] . Resulting weld metal deposit chemical composition 
was determined for NSWC by Luvak Incerporated laboratories. 
The methods of analysis and confidence levels for the results 
are listed in Table 3 _ 3. The chemical compositions of the 
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fil l er wire, HY-IOO base plate and wel d deposits are listed i n 
Table 3.4 [Kettel, 1993]. 
2. GMAW Samples 
Fourteen bead - on-plate automated GMAW weldrnents an 
HSLA-IOO one inch plates were made by Annapolis Detachment, 
Carderock Divi sion of NSWC. Welding parameters were kept 
constant with the exception of the cover gas composition. Weld 
control parameters a r e listed in Table 3.1. A three component 
simpl ex experimental design was chosen to aid in analyzing 
each sample as a function of shielding gas composition . A 
d iagram of the simple x experiment design showing the relative 
posit i ons o f the argon (Ar), oxygen {O;.!) , and carbon dioxide 
(C0 2) gases used is provided in Figure 3.1. Shiel ding gas 
compositions (in wt-t) used were as fol lows: 
• lOOt Ar (Ar) 
• 5% CO2 / 95% Ar (C - S) 
• 10% CO2 / 90%- AX (C - 10) 
• 2%- 02 / 98% Ar (M-2) 
• 4% 02 / 96 % Ar (M- 4) 
• 50% C olO / 50% M - 4 (C - lO/M-4j 
• 33.3% AI / 33.3% C- lO / 33.3% M-4 (MIDPT). 
To minimize weld metal contaminat i on, electrodes were stored 
in a heated cabinet and the base plate was sandblasted and 
cleaned with acetone prior to welding. [Gibson, 1992] 
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Reaul ting weld metal chemical composi tion was 
determined for NWSC by Luvak Incorporated laboratories. 
Methods of analysis and confidence levels are listed in Table 
3.3. Six samples of the electrode, base metal and weld 
deposits were analyzed. The average value of the chemical 
composition analysis are listed in Tables 3 . 5 and 3.6. 
[Gibson, 1992] 
Multi -pass GMAW weldments with the same weld control 
parameters as the single bead-an-plate we lds were analyzed for 
percent acicular fe rri te and percent columnar grains for 
comparison wi th fracture toughness data. The interpass 
temperature for these we lds was 150°C. 
B. SAMPLE PREPARATIONS 
Each of the weld deposits examined were sectioned and 
prepared for analysis in three phases. First the samples were 
surface ground, hand sanded on 240, 320, 500, 1000 and 2400 
grit silicon sanding papers and then polished to one micron 
using diamond paste on polishing wheels . This provided the 
samples with a flat surface for SEM and EDX inclusion 
analysis. After completion of SEM and EDX analysis the samples 
were etched in a 5%' nital solution for optical analysiS of the 
microstructure and calculation of the proportion of 
microstructure in the weld metal that was acicular ferrite and 
percent columnar grains. 
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The final phase of sample preparation was preparing carbon 
replicas of the samples for TEM analysis. This involved deep 
etching the samples for 2 5 seconds in the 5% nital s olution. 
The etched surface was then carbon coated using a EFFA Mk IJ: 
carbon coater to a thickness of 200 angstroms (three carbon 
strands). The carbon coated surface was then scribed to 
produce three millimeter square s. The carbon was loosened from 
the sample by immersing it in a 5% nital solution for five 
minutes. The sample was then transferred to a beaker of 
methanal t o remove che carbon that had not floated free in the 
nital. The small carbon samples were transferred with tweezers 
to a 20% by volume acetone in water solution. The surface 
tension of this solution causes the curled carbon to 
straighten. The carbon is then floated onto a 400 mesh carbon 
grid for TEM analysis. 
C. SCANNING ELECTRON MICROSCOPY (SEM) 
A Cambridge Stereo Scan S200 scanning electron microscope 
with a LaB6 filament energized to 20,000 volts was used for 
non-metallic inclusion analysis. To determine the size 
distribution and concentration of the inclusions, the SEM was 
used to view 100 random fields of view with inclusion size and 
number recorded for each field. For this analysis the SEM was 
used in the backscatter mode to enhance the reso lution of the 
inclusions versus the background. GMAW samples were analyzed 
at 4000 times magnification at a working distance of eight 
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millimeters resulting in each fie l d of view representing 500 
square mil l imeters. SAW sampl es were analyzed at 7040 times 
magnification at a working distance of nine mi llimeters 
resulting in each field of view representing l80 square 
millimeters. From this data a statistical analysis for average 
inclusion size and volume cal culations were made. The resul ts 
of this anal ysis were available from the previous research and 
can be seen in Tables 3.7, 3.8 and 3.9 [Kettel 1993, Seraiva 
1993]. Typical inclusion fields are presented in Figures 3.2 
and 3.3. 
Inclusion composition was determined using a Kevex 8000 
Energy Dispersive X-ray (EDX) analysis spectrometer. For this 
analysis working distance was increased to l8 rom with a spot 
size five. The most accurate representation of inclusion 
elementa l makeup was achieved using the RASTER function to 
frame the inclusion, vice using the spot controls. Each 
inclusion was counted for lOO seconds at a count rate of lOOO 
to lSOO counts/second. An analysis of the background matrix 
near the inclusion was made with total counts matching those 
from the inclusion analysis. This background was then 
subtracted from the inclusion count using the matrix stripping 
routine l eaving only those elements from the inclusion in the 
final analysis. This background subtraction accounts for the 
elements from the matrix were included in the analysis due to 
the bu l b of interaction being larger than the inclusion. 
Figure 3 4 shows how a typical electron beam produces x-rays 
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in the inclusion and the matrix. Typical analysis displays 
after removing the background are presented in Figures 3.5 and 
3.6. 
At this point the resulting spectrum was analyzed on the 
Kevex BOOO to determine the atomic percent of each element 
normalized to lOO%: . This analysis also corrects for the 
ef::ects of differences in atomic nwnber on the x-ray analysis. 
It was noted that using the Gaussian fit method to determine 
the relative intensities of the elements present resulted in 
the small manganese beta peak dominating and most of the large 
alpha peak being neglected. Since little or no secondary 
interference existed for the elements found, the simple 
integration processing technique eliminated this problem, 
resulting in a more accurate representation of the amount of 
manganese present. A minimum of 20 inclusions were analyzed in 
this manner for each sample. The results of this analysis for 
each sample are listed in Tables 3.10 through 3.21. 
The use of the backscatter mode of operation on the SEM 
vis ually revealed multiple phases with a light angular phase 
often found at the edge of the inclusion. The x-ray mapping 
mode of the Kevex was used to verify that this lighter phase 
was rich in titanium (F igures 3.7 and 3.B). The spot size on 
the SEM was changed to a spot size seven to minimize the bulb 
of interaction for further EDX analysis. Several inclusions 
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with the titanium rich phase near the center (Figures 3.8 and 
3.9) were probed to determine the composition of the phase. 
Results of this analysis are l isted in Table 3.22. 
Samples were then lightly etched in a 5% nital solution 
for optica l anal ysis. The SEM in a backscatter mode was used 
to visually record how acicular ferrite nucleates on the 
inclusions. Figure 3. ~O shows how mul tiple inclusions nucleate 
ferrite and form the b a sketweave micros truc t ure, acicular 
ferrite. Figure 3.11 shows that without a network of 
inclusions, ferrite will nucleate intragranularly, but the 
result i ng microstruc ture will be primarily bainite 
martensite. 
D. OPTICAL MICROSCOPY 
Etched samples were examined at various magnifications 
using a Zeiss ICM 405 optical microstructure. Ten pictures at 
random locations in the weld metal were taken to analyze the 
microstructure. A statistical analysis of the proportion of 
acicular ferrite in the we ld metal microstructure was 
conducted using a five square millimeter grid for each of the 
ten micrographs a nd averaging the resul ts. Figure 3.12 is an 
exampl e of an optical micrograph used for this analysis. The 
results of this analysis is presented in Table 3.23. Low 
magnification micrographs were taken of the entire weld 
deposit and analyzed for percent colwnnar grains. Figure 3. ~3 
shows a typical GMAW weld deposit micrograph. Kettel 
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previously conducted this analysis for the SAW samples 
lKettel, 19931. The results of this analysis are reported in 
Table 3.23. 
E. TRANSMISSION ELECTRON MICROSCOPY (TEM) 
A JEM-IOO ex !I transmission electron microscope with a 
LaB6 filament energized to 120,000 volts was used for fi nal 
analysis of the samples. The inclusions in the carbon replica 
samples were too thick to provide any useful spot patterns for 
diffraction analysis. In addi tion, because of the thickness 
EDX analysis using the thin foi l analysis is inaccurate 
showing more of the 1 ighter elements such as Al and Si than 
really exists in the inclusion . A typical EDX spectrum from 
the TEM analysis, which is accura te, is presented in Figure 
3.14. The TEM EDX spectrum is nearly the same as the SEM EDX 
spectrum (Figure 3 . 5) providing verification of the SEM 
inclusion analysis. Micrographs, taken at a magnification of 
100,000 times, Show the acicular ferrite nucleated on flat 
faces of the inclusions (Figure 3.15). These non-metallic 
inclusions were rich in the titanium phase providing the 
angular part of t.he inclusion. 
A 1.5 million volt Kratos type EM 1500 (EM7 Mark III) high 
voltage electron microscope (HVEM) with a tungston filament 
energized to one million volts was used to overcome the 
inclusion thickness difficulties encountered with the 120,000 
volt TEM. The HVEM presented its own unique problems in that 
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an inclusion oriented to the zone axis had to be found, as the 
time required to tilt the inclusion to the zone axis resulted 
in radiation damage from the high electron flux. A diffraction 
pattern from a one micron inclusion is shown in Figure 3.16. 
Note that the diffraction pa ttern is from a multi-phase 
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Figure 3.1 
Diagram of the sim!Jlex design used for shielding gas 






Typical inclusion f ield in GMAW samples, top 2. 6 0 KX, 
bottom 4 . 02 KX. Note the clustering of the inclusions 
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Bulb of interaction for an electron beam. 
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Fi.gure 3.5 
SEM EDX spectrum of GMAW non-metall"i.c inclusion 
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Figure 3.6 
SEM EDX spectrum of SAW n on -metallic inclusion (top) , 
I?hotograph of the 1.2 micron inclusion (25 . 3 Kx ) . Note 
tha t the inclusion is spher i cal with no flat faces and 
the spectrum indicates that the composition is 
p r imarily manganese. 
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Figure 3 . 8 
0 . 7 micron inc l usion (50 . 1 Kx) with titanium r i ch phase 
in the center (top) . Kevex x- r a y map of the inclusion (bottom) 
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Figure 3.9 
spe~trum of titanium rich phase of a Gl"'JAW sa.rple 
Photograph o f 0.7 micron inclusion (50.9 Kx ) 
the t iLani um rich phase in the center of the 
(bottom) . 
Fi gure 3.~O 
SEM photograph (4 . 02 Kx) of GMAW (M-2 cover gas) sample 
etched in 5% nital showing acicular ferrite formed by 
nucleation on multiple inclusions (top) SAW (F2 96) 






Figure 3 . J.2 
Optical photograph of SAW sampl e F296 , top 500 x , bottom 
100 0 x. 'f hese are typical of the photographs u~ed t o 
find % acicular ferrite in t he weld met al mi cros t ructu r e. 
70 
Figure 3.13 
Cl ... AW we l dmer. t '.lsed fo r pe r cen L 
cal cu l ations. 
Figure 3.14 
TEM EDX spect.rum f::-om a t.ypical inclusion in a GMAW 
sample wit.h M2 cover gas. Not.e t.hat. t.he spect.rum is 
similar t.o t.he SEM EDX spect.rum in Figure 3 . 5 . 
Figure 3. 15 
TEM micrographs (100 Kx ) s howing acicular ferrite 
nucleated on a flat face o f an inclusion (too). 
Acicular ferrite formed b y multiple inclusions 
(bottom) . 
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Figur e 3 .16 
:IVEM image and diffraction pattern of an inclusion 
from SAW sample F296. 
TABLE 3.1 WELDING CONTROL P.AR.AMETERS 
(Rette l 1993 , Seraiva 19B ] 
SAW GMAW 
Base p late Type HY - I OO HSLA-100 
Pl a te Thickness , inch , inch 
NWIll:ler of Passes n or 24 
Wire Type L -TEC 120 Airco 14.O-S 
:H'r 120022) n IT 14005) 
Wire Diameter 3/32 inch 1/1 6 inch 
Current 500 amps, DCRP 260 ~ps 




in/min 9 in/min 
Heat Input 55.3 KJ/in 4 3.6 KJ/in 
Prehea t/lnterpasB 250 - 275 of Room Temp 
Tempera ture 
Cooling Rate 18 - 23 of/sec at 
1 000 of 
Shield Gas Flow None 50 ft 3/hr 
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TABLE 3.2 BASICITY INDEX FOR SAW FLUXES 
[Kettel, 1993] 
SAMPLE (wjo CaF ) {w CaF } 
F289 L 74 2.65 
F292 L87 2.83 
F293 2.14 2 . 75 
F295 L93 2.63 
F296 2.04 2.97 
BI ., CaO+ /CaF2l..±M9.0+Na20+K20+Li2o+0. 5 (MnO+FeO) 
Si02+O. 5 IA1 20 3 +Ti02+Zr02 } 
BI based on Easterling and Eagar relationships [Kou, 19B7 ]. 
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[Gibson, 1992 ] 
METHOD OF ANALYSIS 
Combust ion Infrared 
Plasma Emission 









Plasma Emiss ion 
Plasma Emission 
Pl asma Emission 
Inert Gas Fusion, TC136 
Inert Gas Fusion, TC136 
Plasma Emission 
Vacuum Hot Extraction 
?lasma Emission 
CONFIDENCE LIMI T 
+/- wt- % 
0.001 
0 . 02 
0.01 
0 . 00 2 
0 . 001 






0 . 001 
0 . 001 
0.00) 
o . 00: 
0 . 001 
O. 00001 
0 .0 01 
Information provided by Luvak , Inc . 
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TABLE 3.' SAW SAMPLES CHEMICAL COMPOSITION 
[Kettel, 1993 ) 
FILLER BASE F2a9 F292 F293 F29 5 F296 
.08l . 062 .062 .056 .064 .06 4 
Mn 1. 57 .33 1. 45 1. 49 1. 28 1. 51 
81 . 40 . 30 . 38 . 4 6 .42 . 28 . 34 
. 004 .0 03 . 007 .005 . 00 4 . 015 .008 
. 006 . 005 .010 . 006 . 006 .011 . 007 
N1 2.25 2.79 2.33 2.56 2 . 51 2.34 2.34 
~ .42 .36 .46 . 52 .47 .47 . 49 
Cr .28 1.46 .25 .43 .40 .4 7 .50 
. 001 . 006 . 003 .003 .002 .004 .003 
Al . 012 . Ol8 .0J..3 . 020 .0 11 .011 . 014 
Ti . 014 .004 .0 06 . 008 .0 04 . 005 . 0 06 
.012 0 .0 .0 03 . 003 .003 .002 . 004 
Cu . 011 . 097 .020 . 0 23 . 017 .021 . 026 
. 003 . 0054 . 030 .027 . 034 . 035 . 032 
. 004 . 016 . 007 . 006 .006 .009 . 006 
. 004 . 001 . 00 4 .003 .0 04 .004 . 001 
2.8 0 .2 0 . 4 0 .4 0.3 0 .8 
. All values given in weight percent (wt-%'l except H in ppm. 
Note that 0.03 wt-% equals 300 ppm. 
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Si .428 .365 
.005 .010 
.002 <.001 
Ni 2.518 3.307 
.852 .587 
Cr .746 .543 
Nb <.001 · 024 
.003 · 003 
Al . 007 .020 
T i .016 · 004 
.005 <.001 
Cu .034 1 .633 
.014 · CO2 
N . 004 .011 
.004 .00 3 
H· NA .3 
* All values in weight percent (wt-%) excepL H in ppm. 
Note t hat .014 wt· %- oxygen is 140 ppm. 
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TABLE 3. 6 GMAW WELD DEPOSIT CHEMI CAL COMPOSITI ONS 
[Gibson, 1.992] 
M2 MIDPT C5 M4 CI O M4 j Cl. O 
. 068 .066 .070 .069 . 064 . 070 . 066 
1..1.93 1. .1.32 1..098 1..072 1. .033 1..032 1.. 045 
S 1 . 41.2 .383 .366 .353 . 325 . 332 . 342 , 
. 008 . 009 . 009 . 008 . 008 .008 .006 
. 0002 . 0005 . 001. . 0002 . 0008 .001. <: . 001. 
Hi 2.873 2 . 787 2.895 2.882 2 . 81.2 2.91.5 2 . 858 
. 78 .765 . 757 _ 765 . 768 _ 760 . 737 
Cr . 698 .665 . 682 .690 .653 .682 . 670 
Nb . 016 . 015 .015 _ 016 . 014 · 015 .015 
. 003 
· 003 . 003 . 003 . 003 .003 . 003 
Al . 015 
· 01.1. . 010 . 011 . 008 · 01.0 .010 
T1 .013 . 008 . 007 .007 .006 . 006 .006 
Zr <: . 001 <:.001. <:.00 1 <:.001 <: . 00 1. . 001. <:.00 1 
Cu . 74 .713 . 72 . 767 . 688 . 823 . 800 
. 003 . 01.9 . 019 . 026 . 022 . 026 . 024 
N . 006 · 008 . 008 . 008 . 008 · 009 .008 
.004 .004 .004 . 004 . 004 
· 004 . 005 
.. 
. 35 . 45 .4 1 2 .40 . 40 . 41. 7 .383 
. All valu es in weight percent (wt-%-j except H ~n ppm. 
Note that . 01.4 wt - % oxygen ,s 140 ppm . 
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TABLE 3 .7 INCLUSION STATISTICS 
[Kettel 1 993, Seravia 1 993 ] 
SAMPLES Inclusion Mean Volume 
Count Inclusion Fraction 
Size (micron) Inclusions 
'%) 
F2a 9 483 0.320 0.216 
F292 297 0.378 0 .185 
A F293 408 0.322 0.185 
F295 364 0.323 0.165 
F29 6 . 1237 0. 42 3 0.966 
AR 88 (32 ) 1.294 0.231 
>12 548 (197) 0.800 0.551 
723 (260) 0 .66 8 0.507 
A 05 592 (213) 0.879 0.718 
" 4 749 (270) 0.765 0.689 
010 626 (225) 0.667 0.437 
M4jCIO 567 (204) 0.821 0.600 
Numbe r s of inclusions counted based on 100 fields of view 
of 180 square microns for SAW samples and 500 sqi.lare microns 
for lhe GMAW samples. Numbers in paraenlhes is correct for 
this area difference. 
* Results listed for sample F296 are different than those 
used by Ke t t el. Tt",ese numbers are from a second sample 
supplied by NSWC for verification of results [Ke ttel, 1 99 3 ]. 
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TABLE 3.8 SAW INCLUSION SIZE DISTRIBUTI ON DATA 
Ie F289 F2 9 2 F293 F295 F2 9 6 1 6l 84 1 63 130 265 ~ 146 74 110 115 440 ~ 100 5 5 62 45 161 0.5 40 35 25 34 126 0 . 6 I 18 20 14 1 8 74 
0.7 II 8 11 14 10 63 
0.8 I 3 5 10 7 23 
O. , II 3 3 3 1 22 
1.0 I 0 3 2 1 19 
1.1 0 4 4 3 , 
1.2 2 1 0 0 6 
1.3 1 0 1 0 10 
1.4 1 1 0 0 0 
1.5 0 1 0 0 3 
Sampl e F296 ha s 16 i nclus ions larger than 1 . 5 micron . 
The l a r gest inc l usion is 3.3 micron . 
TABLE 3.9 GMAW INCLUSION S IZE DISTRIBUTION DATA 
M2 MIDPT C5 M' CIO/M4 C10 
0 . 1 
0.2 
0.3 3R 
0.' 51 18 60 
0.5 18 sa 133 36 C2 154 23 
0.6 145 203 98 172 76 
0.7 143 145 136 115 132 
0 .8 28 H6 162 36 172 
0 .' 104 28 115 50 56 
1 .0 16 56 33 85 74 76 
1. 1 22 57 28 16 20 
1. 2 19 
1.3 15 
1.. 





2 . 0 
83 
TABLE 3.10 INCLUSION COMPOSITION SAW F2a9 
ATOMIC PERCENT OXIDE WEIGHT PERC 
Ti Al Si MnO Al 0 
74.96 8.94 8.85 7.25 84 
70.75 10 .11 a.86 10.28 80 12 
81. 71 9 . 09 6.19 3 .02 91 
I 67 .63 9.56 14.01 8.80 77 1 3 10 
68 . 59 9.86 11.01 10.54 78 10 12 
" 
73 12.42 8.66 12.19 77 15 
69 .79 9.35 13 .26 7.60 79 12 
71 80 11.61 10.78 5.81 83 11 
01 8.94 13 .13 3.92 12 
77.30 5.77 10.47 6.46 85 
54 33 11.16 23.63 10.88 62 24 13 
76 98 10.67 9.29 3.06 88 
65 36 1 0 . 93 13.18 10.53 75 13 12 
84 Q7 10.70 4.08 1.15 95 
54 36 16. 5 2 13 .08 16.04 62 15 22 
78.27 1 0 .2 4.95 6 . 58 88 
70.08 9.43 12.32 8.18 79 12 
75.95 11.96 6.23 5.86 87 
66.57 9.66 16 . 0 7.78 75 1 5 
62.80 9.27 1 3.92 14.01 71 13 16 
Ave 
70.60 10.31 11.10 7.99 II 80 10.8 9.2 
Calculation of oxide we::'ght percent for Mn·Al·Si phase 
assmning that 
rich phase. 
pyrophanite (MnTi0 3) forms as the titanium 
TABLE 3. 11 INCLOS ION COMPOSITION SAW F292 
ATOMIC PERCENT OXIDE WEIGHT PERCENT 
Ti A1 Si MnO Al O~ SiO 
54.83 27.03 17 . 33 .81 68 30 
65 . 35 15 . 53 14 .2 9 4.82 78 16 
61 18 . 89 18. 1 7 1. 52 75 23 
62 . 87 22.93 12.17 2.03 79 17 
72 . 67 22 . 18 3.49 1. 66 93 
56.92 18 . 33 21.19 3.55 68 
53.19 2 1.03 25 . 25 .5 3 63 36 
62.78 23.07 8. £;,4 5.71 78 12 10 
64 19. <16 15.09 1.44 79 19 
59 32 18 02 22.17 . 49 72 28 
62 .75 16 75 17 .38 3.12 75 20 
62.55 16 84 17.17 3.4';' 75 20 
61 .79 1 8 B9 18.83 .50 75 21 
52 54 16.79 25.31 5.310 61 31 
4 5 . 83 16 . 55 30.48 7.15 51 38 
48 . 71 14.67 29 05 7.57 56 34 10 
55 .4 5 12 . 64 25 92 99 
" " 
64.29 18.42 14 14 3.H 78 
57 . 81 19 56 20 1. 91 70 27 
42 . 78 13 98 3S .41 7.93 17 12 
56 .3 9 19. G0 ! 3.48 J 10.4 I 24.6 
Calculation of oxide weight percent for Mn - Al-Si phase 
assuming that pyrophanite (MnTi03 l fOrl!"ls as the tita:1ium 
rich phase . 
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TABLE 3.12 INCLUS I ON COMPOSITION SAW F2 93 
ATOMIC PERCENT OXIDE WEIGHT PERCENT 
Ti Al S i MnO SiOZ 
Al 0 
67.86 8.82 12 05 11 . 27 12 
54.51 13.53 32 20.65 62 12 26 
64.29 8.65 12 68 14 . 39 12 16 
5 . 59 9 . 03 7.94 84 
67.51 1 0 . 37 1 1. 16 10.95 12 
77 47 6.82 8.11 7 . 60 85 
82 . 39 7.02 4.95 5.64 90 
79 . 7 1 6 . 19 5 . 77 8 . 33 87 
80 .16 9.43 6.02 4.39 90 
77 . 49 8.63 6 . 4 7 . 48 85 
70.89 7 . 45 9.09 12.57 79 13 
65 59 7 . 62 12 . 02 14 . 77 76 11 1 6 
72 20 9.47 8.53 9.80 81 11 
69 43 8.37 10 . 93 11.27 78 10 12 
73 27 7.85 8 . 66 10 . 22 81 
70 43 8 . 38 8.963 12 . 57 13 
76 20 5 . 6 12.49 5 . 71 84 
42 8.08 7.13 7.36 86 
71 . 98 5.36 11.52 11.15 79 10 
72 . 46 6.13 9.13 12.27 80 12 
72 . 44 7.97 9.28 I 10 . 31 II 80.5 8 . 4 11.1 
Calculat i on of oxide weight percent for Mn -Al - Si phase 
assuming that pyrophani te (MnTi03 l forms a, the titan ium 
rich phase. 
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TABLE 3 . 1.3 INCLUSION COMPOSITION SAW F295 
ATOMIC PERCENT OXIDE WEIGHT PERCENT 
T' Al Si Al 0 SiO 
81 . 15 5.82 7.10 I 5 88 
86 . 74 4 .92 4.30 4.0':; 93 
81.7 6 . 02 6 . 32 5.96 89 
89. 86 6 .3 5 2. 16 G4 97 
84. 7 4 5 . 56 5 . 59 91 
83 5.51 3 . 85 7.51 89 
79 59 7.41 5.86 7.14 88 
15 8.53 6.80 10 .52 83 
84 5 . 38 7.27 3.18 9: 
84 . 94 5 . 0 5 8 .78 1.23 92 
88.26 5 . 98 2.78 2.98 95 
7 7.91 4 .8 3 9 . 11 8.15 84 
80.51 6 . 92 5.73 6 . 8 t, 88 
70.56 5 .82 66 1:'.96 78 10 12 
67 . 74 7.05 13 11.08 75 13 
82 .74 6 . 62 6.8 3.85 90 
G7.74 9 . 58 ;) .5 0 77 13 11 
74.6 0 5 . 2 9.83 10.38 81 
82.17 5 . 5 7 7.09 5.18 69 
75.46 6 . 5 9 flo £,4 9 .5 83 10 
Ave 
6.24 7.31; 6 .53 II 87 . 0 6 .3 6.7 
Calculation 05 oxide weight perce nt f o!" Mn -Al · S i phase 
assuming that pyrophanite (MnTiO)l for.llS as the tita:Jium 
rich phase. 
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TABLE 3 . 14 INCLUSION COMPOSITION SAW F296 
ATOMIC PERCENT OXIDE WEIGHT PERCENT 
Ti Al Si MnO Al 0 S iO 
83 . 25 5.87 3. 7 5 7. 13 90 
84 . 07 5 . 1.0 2.91. 7.92 90 
86.84 4 . 38 2 . 36 6 . 42 92 
84.90 4.68 3 .11. 7.3 1. 90 
85 75 8 . 66 2 . 36 8 . 23 95 
79 . 72 7 .93 3 . 69 8.66 88 
93.50 6.01 0 . 31 0 . 18 100 
91.23 5 .4 5 0 . 98 2. 3 4 97 
9 1 . 1 3 8 . 30 0.57 0.00 100 
87.93 3.55 3.53 4 . 99 93 
8 4. 8 5 7 . 0 7 3 . 49 4 . 58 92 
81. 4 9 9.32 2 . 93 6 . 26 I 91 
90 . 95 6 . 0 1 1. 63 1. 4 0 97 
90.81 5 . 17 1. 38 2 . 64 96 
72 . 33 16.01. 3 . 48 8 . 18 85 11 
87.69 5 . 88 1. 44 4.99 9 4 
83.98 8 . 78 1. 79 6 . 45 92 
87 71 6.78 1.36 4.15 95 
76 02 13 . 29 3 . 75 6.98 88 
83 70 11 . 14 1. 7 8 3 . 38 95 
76 59 1.6.25 3 . 59 3.57 92 
64 . 6 3 20 . 41 4 . 57 1 0.39 79 16 
Ave 
84 . 50 8.46 2 . 49 4.5 5 II 92. 4 2 .1 5 . 5 
Ca lculation of ox ide weight percent for Mn-Si - Al phase 
assuming that pyrophani t e (MnTi O; ) forms a, the titanium 
rich phase . 
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TABLE 3. 15 INCLUSION COMPOSITION CHAW AR COVER GAS 
ATOMIC PERCENT OXIDE WEIGHT 
PERCENT 
T1 Al S1 MnO Al 0 S10 
36 47 58.62 1. 69 3.22 
92 74 2.75 0.85 3 . 67 95 
68 18 5 . 25 0.99 0.03 25.55 99 
66 72 26.39 3.56 3 . 33 88 
82 69 4.84 9.77 88 
6 2 70 6.06 0.68 1. 85 28.72 96 
64 73 8.38 2.37 2.67 21. 85 93 
88 67 2 .65 03 7.64 92 
82 6 . 78 :i.0.59 0.46 90 
74.44 17 .2 1 4 . 23 4.13 90 
57 . 34 0.91 1. 46 1.98 38.31 95 
7 . 30 1.42 7.58 9.28 90 
69 . 82 4 . 73 0.42 0.15 24 . 88 lOO 
38 . 61 41.34 4.13 0.86 15 . 06 
61.67 15.16 0.51 1. 73 20.92 96 
80.04 5 .60 0.46 0.49 13.41 99 
71 . 84 n.S6 2.42 2.84 11. 33 93 
69 . 9 1 7.79 0.44 0.37 21. 49 99 
76 . 03 0.98 0.44 o .41 22. 13 100 
Ave 
69 43 12 .33 2.13 2.80 13 .31 94.6 2. a 3 . 4 
Calculatior: of oxide weight percer:t for M..'1 -Al-Si phase 
assumir:g that pyrophanite (MnTi031 forms as the titanium 
rj ell phase clnd adjusted for those inclusio:1s contClin ing 
MnS. Some oxides bave no value because titanium dominated 
the inclusion . 
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TABLE 3.16 INCLUSION COMPOSITION GMAW M2 COVER GAS 
ATOMIC PERCENT OXIDE WEIGHT PERCENT 
Ti A1 Si MnO A1 0 SiC 
60 .54 .13 1 0.18 7.15 14 
59 . 04 14 . 53 14.12 12.31 68 16 16 
7 3.52 19.72 2.47 4 .30 91 
62 .32 O. 8.62 4.03 80 13 
65 .31 16 35 10.24 8. 10 12 
66.38 15 1 1 .39 4.09 81 
57 .61 22 78 10.48 9.12 70 15 15 
62.77 22. 65 8.40 6.17 78 10 
56 02 79 14.60 7.58 
" 
21 13 
72 01 15 38 5.45 7.16 85 
62 02 20 5' 9.96 7.48 75 12 
73 90 13 3' 10.75 2.01 87 
66 .32 14.30 10.41 8.97 78 11 
71.77 1 6.4 7 4.77 6.99 86 
74 .63 11.62 8.0 1 5.74 85 
72.99 15.8 5 6 . 53 4.63 87 
71. 68 16.3 9.97 2.05 86 
69 .3 0 9.25 1 0 . 60 10.85 78 10 12 
55.45 91 14 . 50 18.H 63 15 22 
37.70 96 26.21 3.12 18 72 10 
64.56 I 18 06 I 10.38 7.00 II 75.7 14.3 10.0 
Calculation 0:: oxide weight percent for Mn - Al-Si phase 
assuming that pyrophaoi te (MnTi03 ) ::onns as the titanium 
r ich phase. 
TABLE 3 . 11 INCLUS ION COMPOSITION GMAW MIDPT COVER GAS 
ATOMIC PERCENT OXIDE WEIGHT PERCENT 
Mn Ti Al Si MnO Al 0 S iO 
67 . 32 1.5 . 79 9 . 61. 7 . 28 8 0 11 10 
65 .2 4 20 . 56 8 . 52 5 . 67 80 
56 . 43 5.30 1.3 . 1.3 25.1.4 62 12 
55 . 15 25.68 9 . 64 9.53 66 16 18 
61. 39 20 . 15 9 . 99 8.47 13 
59 37 23.83 7.96 8 . 84 73 15 
55 57 24 . 48 9 . 47 10 . 47 6G 15 1 9 
66 79 2 0 . 0 4 6 .79 6.38 82 
68 62 24.63 4 . 55 2 . 1.9 90 
66 77 17 . 13 1.0 . 10 6.0 80 1 2 
63 05 26 . 90 7.87 2 . 18 83 13 
61.24 19 83 9.58 9.35 74 12 
63 . 15 22 . 6 4 10 _ 68 3.53 79 15 
65 . 46 18.56 6 _11 9.87 79 
55 04 24 . 40 9.79 10 . 77 65 15 19 
I 61 H 18 . 07 11 . 91. 8.62 74 14 12 
II 61 84 2 4 . 01 8.92 5 . 23 78 13 
55 55 20 .6 7 13. (4 10.14 50 18 
I 62 _ 63 18.37 9 . 03 9 . 9 7 75 11 
I 61.49 21.26 9.21 8 . 03 75 13 
II Ave 
~ 61 . 63 20 . 61 8.43 II 75 . 0 
Calcu.latiu!l of oxide weight percent for Mn- Al- sl phase 
assmning that pyrophanite (l'I'.nTi0 3 J forms as the titanium 
rich phase . 
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TABLE 3.18 INCLUSION COMPOSITION GMAW CS COVER GAS 
ATOMIC PERCENT OXIDE WEIGHT PERCENT 
T1 A1 S1 MnO A1 0 S1 0 
69 . 33 14 . 19 5 . 58 10.90 81 1 4 
71. 98 5.84 5.68 16 . 50 7 9 17 
81. 2 3 13 34 2.16 3 . 27 94 
75 . 52 1 2 09 7 . 77 7.63 83 
77 .60 14 34 4 . 85 3.21 91 
80 . 63 13 78 1. 86 3.72 94 
65.35 1 6 . 15 5 . 9 12 . 6 17 
82.09 8 . 8 2 . 98 6 . 13 91 
67 . 06 18 . 8 1 4 . 63 9 . 5 1 81 14 
81 .2 4 4 .37 3 .6 4 10 . 75 87 10 
62 . 87 1 1. 89 8 . 31 16.93 72 20 
70 . 28 14 . 99 5 . 87 8 . 96 82 11 
73 . 40 14 . 73 4.19 7 . 68 85 10 
67 87 5 . 75 9 . 20 1 7. 18 75 
75 31 14.54 4.2 2 5 . 93 88 
81 06 9 . 37 3 . 83 5.74 90 
66 01 1 7. 54 6.77 9 . 68 79 13 
71 37 13.9 4 . 82 9.91 83 12 
75 35 13 48 4 . 48 6 . 68 87 
78 34 12 25 4 . 01 5.40 90 
7 3 . 51 12 53 5 . 04 8.92 II 84 . 5 5.0 10.5 
Calculation of oxide weight percent for Mn- Al - Si pha se 
as s u ming tha t 
r ich phase. 
pyrophanite (MnTiO)) forms as the titanium 
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TABLE 3.19 I NCLUSION COMPOS ITION GMAW M4 COVER GAS 
ATOMIC P ERCENT OXIDE WE IGHT PERCENT 
T1 Al S1 MnO A10., S10 
87.26 9 . 29 0.87 2.58 97 
77 .99 7 . 76 5.37 8.88 86 
76.91 8 . 05 5.17 9.87 85 10 
79 03 9.14 4.75 7.08 88 
69 80 8.34 5 . 97 15.89 78 1 7 
84 01 13.60 0.97 1. 42 97 
74 57 16.63 5.20 3.60 90 
76.76 20.74 0.57 1.92 96 
64.96 23 . 27 5.05 6 . 72 82 11 
69.56 16 . 35 10.28 3.81 83 12 
80.35 9.74 3.62 6.28 90 
I 82.96 8.17 2.32 6 . 55 91 
61.10 23.20 6.48 9.22 75 16 
66.49 19 .62 6.08 7.80 81 11 
71.07 13.38 7.14 8.41 82 10 
67 . 43 16.45 8.86 7.26 80 10 10 
74.71 16.76 4.37 4.16 90 
82 .21 14.72 0.82 2.25 96 
70 . 90 1.1.78 8.55 8 . 77 81 10 
81.75 9 . 46 1.94 6.85 91 
74.99 13.82 4.72 6.47 lr 86.9 5 . 1 8.0 
Calculation of oxide weight percent for Mn-Al-Si phase 
assuming that. pyrophanite WUlTi03 ) fOr1l1s as the tit.anium 
rich phase. 
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TABLE 3.20 INCLUSION COMPOSITION GMAW M4/Cl0 COVER GAS 
ATOMIC PERCENT OXIDE WEIGHT PERCENT 
Ti A1 Si ""0 A1 0 Si02.. 
73.45 13 .14 4.42 8.99 85 11 
83 60 8.10 2.41 5.89 92 
77.11 8.69 6.47 7.73 85 
75.68 13 . 00 4.59 6.74 87 
78.36 14 . 56 1. 94 5 .15 92 
78 . 88 10.98 2.61 7.53 89 
79.73 10.18 4.2 6 5 . 83 90 
73 76 15 6S 3.80 6.80 87 
75.66 12.48 4.57 7.29 87 
73.49 13 .81 5.48 7.22 85 
81.18 10 . 87 3.25 4.7 0 92 
60 . 29 5.71 12 .4 5 21. 55 67 11 22 
72 .21 8.55 6 .17 13.07 80 14 
65.97 19.74 4.47 9.82 80 14 
7 0 .31 10.64 6 . 21 12 . 84 80 
77 .47 13.72 2.23 6.59 90 
78.43 8.42 2.81 10.34 87 11 
74 52 11. 82 4.48 9.18 85 11 
83.09 9.44 2.78 4.68 92 
69 .28 11.23 7.23 12 .26 79 14 
Ave 
75.12 11.54 4.63 I 8.71 II 85.7 I 4.4 9.9 
Calculation of oxide weight percent for Mn-Al - Si phase 





TABLE 3.21 INCLUS ION COMPOSITION GMAW CI 0 COVER GAS 
ATOMIC P ERCENT OXI DE WE I GHT PERCENT 
Ti Al Si MnO Al 0 SiO 
7 5 . 36 13 . 20 4.87 6 . 57 87 
71 . 48 16.30 6 . 48 5 . 74 85 
74.53 15 . 03 4 . 53 5 . 9:' 88 
74 . 83 17 . 60 3 . 87 3.70 I 91 
71 . 06 14 . 65 6 . 95 7. 3 4 83 
76 . 58 16 . 18 3 . 21 4 . 02 91 
78.45 15 73 3 . 19 2.63 9 4 
7 4 . 99 19 59 1. 89 3 . 53 93 
59.33 18 77 9.15 12.7S 70 1 9 
64 . 84 16 59 5 . 39 13 .18 76 18 
74 98 17.51 1. 65 5 . 86 90 
75. 99 18.81 2. 36 2 . 84 93 
69.99 15 . 10 6.44 8.46 82 
62. 4 0 7 . 83 13 . 01 16.77 70 12 18 
70 . 88 18 18 5 . 8 2 5.13 86 
73 . 99 1 2. 68 4 . 83 8.50 85 10 
78 .5 5 16 . 18 2.54 2 . 73 , 94 
70 . 65 14.97 4 . 09 10.29 83 13 
77 . 70 13 . 17 4.92 4 . 21 90 
77. 7 4 15.47 2.41 4 . 37 92 
Ave 
7 2.71 15.68 ! 4.88 6 . 73 II 86.1 5 . 3 8 . 6 
Ca l culation of oxide weight percent for l"ill-Al - Si phase 
assuming that pyrophani te (MnTi 0 3) forms as the titanium 
rich phase . 
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Figure 3. B 








TABLE 3.23 PERCENT ACICULAR FERRITE/COLUMNAR GRAINS 
SAMPLES Percent columnar Percent acicular 
grains ferrite 
F289 2" 43' 
F2 9 2 37% G5% 
F293 26 ' 41% 
F29 S 33' 2 7% 
F2 9 6 2 9%- 78> 
AR II (89%) 0% (2%) 
M2 (8H) 1 6 % (15%") 
MIDPT (99%-) 21' (11%) 
A C5 (86% ) " , (9%) 
M4 (8S%) 25' (1n) 
C> O (90t) 19% (11%) 
M4/CIO (90%) 22 % (13%) 
Percent acicular ferrite in the we ld metal calculated from 
a sta tistical a nOi l ysi s of 10 random photographs taken in t he 
weld metal. A fiv e square mi l limeter grid was used for 
calculations. 
Numbers in pdrenthesis are acicular ferrite and colt.;rnnar 
grain calculations for GMAW multi-pass we lds for comparison 
to Charp y fixed energy values. 
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ANALYSIS OF RESOLTS 
A. ANALYS IS OF WELD THERMAL CYCLE 
The first of the factors analyzed in determining the 
origins of acicular ferrite in GMAW and SAW weldments was the 
weld thermal cycle. As discussed in sections 2E and 2G, the 
weld metal microstructure depends on the time to cool from 800 
to 500 °C (dtS/s) during the time the austenite to ferrite 
transformation is occurring. If dts/s is less than 5 seconds 
or greater than 30 seconds then the formation of acicular 
ferrite would be unlikely. The general formula generated by 
Chri stensen for calculation of dtS/S assumes welding of thick 
plates with three dimensional heat flow. All GMAW and SAW 
weldments meet this criteria. For mUl ti-pass we l ds the 
equation is modified to account for a l onger cooling t i me due 
to the interpass temperature . The equation becomes: 
dtS/ S " (5 n E)/({650 To}/630) 
where To is the interpass temperature. Using the data recorded 
in Table 4.1, dtS/S is calculated to be 6.00 seconds Ear GMAW 
bead-an-plate welds, 7.57 seconds for GMAW multi - pass welds 
and 16 .29 seconds for SAW weldments. These results indicate 
that formation of acicular ferrite is possible if other 
conditions are optimum. 
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ANALYSIS OF WELD METAL COMPOSITION 
1 . We ld Metal Oxygen 
A review of To.blcs 3. t, and 3 . 6 shows that oxygen 
c oncentratio!1s in the weld metal were adequate for formation 
of acicular fer:::ite with the exception of the GMAW weldment 
with 100 % argon cover gas. Weld metal oxyge!1 in this sample 
was 30 pprr: which created a small number of large inclusions 
that did not support the for:nation of acicular ferrite. As 
fonnatio!1 of acicular ferrite was unlikely (0 t o.cicular 
ferrite found). this sample was not used fa::: subsequent 
analysis. All SAW weldments contained optimum 
concentratio!1 of 300 ppm oxygen (range 270 to 35C ppm) for 
creating an inclusion field able to nucleo.te large proportions 
of o.cicular fer r ite . GMA'''' weldments conto.ined adequate weld 
metal oxygen for formation of acicular ferrite, but 
concentration8 were at t:he low e!1d of the desired levels. From 
this analY8is lower proportions of acicular ferrite 
expected in the GMAW weldme!1ts as compared to the SAW 
weldments. 
Analysis of the m ... AW weldment:s showed that as oxygen 
potential in t:'1e cover gas increased weld metal oxygen 
cO:1ce!1tration o.lso increased in a!1 apPo.rent linear fo.shion. 
Oxyge!1 activity potential was determined aS8uming 10 0 % 
activity for a!1y oxygen added and 75 % of the oxygen from the 
complete disassocio.tion of the carbon dioxide would be 
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effective. This assumption appeared to agree with the 
conclusions of several researchers, though much controversy 
still exists on this issue [Gibson, 1993 ) . The only major 
deviation from this linear re l ationship was the C5 (5% CO2/95% 
Ar) cover gas weld. The fact that weld metal oxygen in this 
sample was the same as the C~O (~O% CO2/90't Ar) weldment and 
the large deviation between the six samples analyzed indicates 
that some atmospheric contamination may have occurred. The 
sample used for this investigation was at the low end (2~O 
ppm) of the oxygen concentrations provided for the C5 
weldments. 
2. Weld Metal Manganese 
As discussed in section 2F, manganese is important to 
the formation of acicular ferrite by lowering the austenite to 
ferrite transformation start temperature so that a acicular 
ferrite microstructure is favored over grain boundary and side 
plate ferrite morphologies. Too much manganese l owers the 
transformation temperature too far so that bainitic and 
martensitic microstructures will predominate. Therefore 
manganese levels in excess of ~. 0 wt % and near 1.5 wt % are 
optimum for acicular ferrite formation. [Grong, ~986J 
A review of Tables 3.4 and 3.6 shows SAW manganese 
levels to be nearly optimum for acicular ferrite formation 
(range 1.28 to 1.54 wt %). GMAW weldments have adequate 
manganese concentrations, but at leve l s near ~.O wt % (range 
L032 to L193 we %) the proportion of ac icular ferrite in the 
GMAW weldments is expected to be smal l compo.red to the SAW 
weldmen-::s. 
3 . Weld Metal Aluminum and 'I'itanium 
As d iscussed in section 2F, aluminum and/or titanium 
concentrations in the we ld meta l must be high enough to form 
non-metal lic inclusions rich in the titanium phase or gal axite 
(MnO·A1 20 3). Ana l ysis of previous research suggested that the 
conminatior, of weld metal aluminum and t itanium shoul d be near 
300 PPl!'. to be optimum for formation of acicular ferrite. Using 
the data in Tables 3. '1 and 3.6 a graphical presentation of 
this ana l ysis is presented in Figures ';.2 (SAW) and 4.3 
(G~lAW ) . This analysis shows that with the exception of SAW 
sample F7.92 0.11 samples for -::his investigation fall tar short 
of thi s requirement . This analysis taken alone indicates that 
a large percentage of acicular ferri t e should exist in SAW 
weldment F292 and smal le r an'.Dunts in the other welds. 
C. ANALYS I S OF NON - METALLIC INCLUS IONS 
The importance of non ·metallic inclusions for the 
formation at acicular ferrite was discussed in detai l in 
sections 2F and 2G . Anal ysis of inclusion concentrations , 
composition o.nd size distributions for each we l dment was 
cOl"'.ducted to determine the relative importance of each of 
these factors on formation of acicular ferrit e. An accurat e 
ana l ysis for GMAW weldment s was difficult because the 
difference in the amount of acicular ferrite between samples 
was small (range ~6 to 25 %0). However, comparison of the GMAW 
sampl es to the SAW samples proved to be an effective 
analytical tool. 
~. Inclusion Concentration 
Analysis of the data in Tables 3 7 and 3.23 determined 
the influence of inclusion concentration on the formation of 
acicu l ar ferrite. GMAW resu lts were adjusted to cover the same 
area as the SAW samples f or direct comparisons. The volume 
fraction of the inclusions would indicate that the GMAW 
samples should have better inclusion fields for the formation 
of acicular ferrite than the SAW samples. In reality the 
average inclusion size of the GMAW inclusions are much larger 
than the SAW inclusions resulting in a much lower 
concentration of inclusions. This analysis points out the 
reason that using inclusion volume fraction is not a good 
measure of an inclusion fields ability to promote the 
formation of acicular ferri te. 
For the SAW we l dments the concentration of inc l usions 
(measure d by number and size) in each of the samples is nearl y 
the same except for sample F296. The reason for the large 
number of inclusions in t h is sample is unexplained. However 
based on the other analysis this data suggests that a large 
number of small inclusions is desirable for formation of l arge 
percentages of acicul ar ferrite in the weld deposit. Figur e 
lO2 
~. 4 shows that the volume f~action of inclusions had l::ttle 
influence on the amount of acicular ferrite fanned except for 
sample F296. 
Comparison of the GMAW and tr.e SAW weldments shows 
that a larger number of inclusions in the size range from 0.3 
to 1.0 microns is more important for acicuJar ferrite 
formation than inclusion volume fraction. This becomes even 
more apparent when comparing the inc] lisioo composition, since 
the GMAW inclusions contained more of the desirable Ti-rich 
phase than SAW inclusions. This investigation also found that 
welds that exhibited the clustering seen in Figure 3.2 formed 
a smaller proportion of acicular ferrite. This result was true 
for Doth the GMAW and SAW weldments. 
2. Inclusion Composi tion 
Determining the composition of the inclusions and the 
e f fects of this composition on formation of acicular ferr ite 
was a major goal of this investigation. Previous research 
indicated that those inc l us ions rich in a titanium phase or 
Galaxite p~ovided angular faces that promoted the nucleation 
of acicular ferrite. Determination of the inclusion phases is 
important in that it holds the key to cor-trolling tormation of 
acicula~ ferrite and determining the mechanism of the ferrite 
nucleation and growth on the inclusion. 
This investigation first tried to determine the 
composi tion of the titanium- rich phase. Using auge:::: electron 
lUJ 
microscopy, Peters had determined the ti tanium- rich phase to 
consist of TiN [Peters, 1989]. The analysis of the data !':rom 
the present investigation presented t ·n Pigures ,..2 and 4..3 
show a general trend that for a nearly constant weld metal 
nitrogen concentration, titanium concentration continues to 
decrease as weld metal oxygen concentration increases. This 
trend suggests that the t itanium was forming an oxide and 
floating out of the molten weld pool prior to solidification. 
To test this theory a sample with known TiN inclusions was 
analyzed in the SEM with EDX analysis and compared to a GMAW 
inclusion. Figure 4.5 shows a micrograph of the TiN inclusion 
used for this analysis. Figure 4.6 is a micrograph of the GMAW 
inclusion with an x - ray may showing the angular phase at the 
inclusion edge to be titanium- rich. ?igure 4.7 shows the EDX 
spectrum of each of these inclusions for comparison. The TiN 
inclusion spectrum shows a nitrogen K- series peak that is 
larger than t he titanium L-series peak. In the GMAW inclusion 
spectrum of the same counts showed a nitrogen K- series peak 
smaller than the titanium L-series peak. This result also 
suggests that the titanium-rich phase is an oxide. 
Working with HSLA steels with low oxygen (_ 80 ppm} and 
nitrogen (max 20 ppm) concentrations, Senogles used x-ray 
diffraction (XRD) to find a titanium- rich phase called 
Pyrophanite, MnTiO) , in the cast steel inclusions. The steel 
composition for this experiment included of 50 ppm aluminum 
and 50 to 150 ppm titanium. The iron matrix was disolved using 
10< 
a nitr::'c acid solution, leaving j ust the inclusions for XRD 
dnaJysis. Average inclusion size Wd~ of the order of five 
microns. The current investigation wa~ unabl e to reproduce 
this expe~iment because the inclusion~ in the weld deposit are 
much smaller than Cd~t steel inclusion~ preventing filte:d.ng 
of the inclusions. [Senogles, 1994J 
TEf1 analysis of inc l usions on a carbon ::-eplica 
prepared sample using a r,aB" fi larr,ent energized to 120,000 
volts Wd8 unable to produce a diffraction patterns due to the 
thick:less of the inclusions . Using d EVEf1 energized tCl one 
million volts provided a diffraction pattern from a 0.47 
micron inclusion. Figure 3. ~6 shows the diffraction pattern 
obtained at a camera distdnee of 2.5 meters . Analysis of this 
diffraction pattern was complicated by multiple phases anc'. 
multiple crystals of the phases present. The complexity of the 
diffraction pattern prevented sing l e crystal analysis. 
Pl otting the ring pattern for Pyrophanite (MnTi03 ) on the 
diffrdction pattern shows a majority of the SpOts fa llon 
these rings (Figure 4.8). Simildr anal ysis were conducted for 
iron, ~.anganosite, Mn2Ti04 and Galdxite, phases identified as 
possibilities by SEM EDX analysis, wit.h few or no matches. This 
result strongly suggests that the diff:::-action pattern is for 
a polycrystalline Pyrophanite phase . 
Anothe::- experiment t.o det.erminc the co:nposition of the 
titanium-rich phase was conducted in the SEM with BDX 
anal ysis. Ldrge inclusions (one to two micron~) with titanium 
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rich phases in the center were identified in the GMAW samples. 
Figures 3.7, 3.8 and 3.9 are examples of the inclusions used 
for this analysis and typical results.Using a LaB6 filament 
energized to 20,000 vol ts a small spot size (seven) was used 
with a spot analysis (800 second count) . Background due to the 
interaction bulb was stripped as discussed in section three. 
These resul ts presented in Table 3.22 show approximately a 1 ; 1 
atomic ratio of t itanium to manganese. These results support 
the conclusion tha t the titanium- r ich phase in the inclusion 
i s Pryophanite. 
SEM EDX analysis of multip le inclusions from each 
sample are listed in Tables 3.10 through 3.21. Assuming that 
the titanium phase is Pyrophanite the other major constituents 
in the inclusion manganese, aluminum and s il icon were 
converted to weight pe r cent oxides and plotted on a 
MnO·Al 20 3 ·Si02 ternary phase diagram. The results at this 
analysis are presented in Figures 4 . 9 (SAW) and 4.10 (GMAW). 
These results indicate that the other predominant phase in the 
incl usions Manganosite. When weld metal aluminum 
concentration reaches 200 ppm aluminum conoentration in the 
inclusions increases so that the other dominant phase is 
Galaxite which has been identified from TEM diffract i on 
patterns in previous research on weld metals with high 
concentrations of aluminum [Dowl ing, 1986J. 
Manganosite inclusions are spherical and therefore 
have been shown to be poor sites tor nucleation of acicular 
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ferrite as compared to angul ar phases like Galaxite or 
Py :::-ophanite. Figure .1.6 is a micrograph of this type of 
inclusion. TEM EDX analysis of a carbon replica sample 
provided a spectrum equivalent to the SEM BDX spectrum 
validating the SEM results. In a l l cases analyzed on the TEM 
with carbon replica samples. the inclusions were free of ir:-m 
validating the background stripping procedure and verifying 
that the second phase in the inclusiolls was a complex 
Research on welds with low titanium concentrations ('" 
50 ppm) and high aluminum c::mcentraticms (> 200 ppm) by Bhatti 
and others showed that the level of acicular ferrite fOUIld in 
the weld deposit increased as the percentage of aluminum - rich 
inclusions increased. Aluminum - rich inc l usions were most 
effective for acicular ferrite formation when the inclusion 
ratio of [wt% MnJ /fwt% AI ] was less than 0 .24. [Bhatti, 1984] 
Using TEM diffraction pattern analysis at aluminum-:::-ich 
inc l usions, Dowl ing identified the aluminum - rich phase as 
Galaxite WillO ' A1 203) [Dowling, 1986] . 
For weldrr,ents with low we l d metal aluminum 
concentrations, Bonnet and Cha!:'pentier showed tha:: titanium in 
the inclusions is important for formation of acicular ferri::e. 
?heir research showed that weld metal titanium ccmcentrations 
less than 45 ppm formed almost no acicular ferrite. As weld 
metal titaniurr, concentrations were increased to l40 ppm, up to 
80 % of the weld metal consisted of the acicu l ar ferrite 
1.07 
microstructure. [Bonnet, 19B3] Evans working with weld metals 
low in aluminum found that the amount of acicular ferrite 
formed was sensitive to the ratio of manganese and titanium in 
the weld meta l [Evans, 19931. This suggests that an optimum 
manganese- to-titanium ratio also exists in inclusions to 
optimize inclusion composition for acicular ferrite formation. 
Saggese showed results that supports the above 
findings (Figure 2_9). For low weld metal aluminum 
concentrations, titanium in the inclusions appeared to be 
responsible for acicular ferrite formation. As titanium levels 
in the inclusions increased, so did the amount of acicular 
ferrite formed. For constant concentrations of titanium, as 
weld metal aluminum concentration increases the amount of 
acicular territe formed also increases. However the rate at 
which acicular ferrite percentage in the weld metal increases 
is much l ess for those welds that contained significant l evels 
of titanium. [Saggese, 19B3] This suggests that the titanium-
rich phase in the inclusions is more effective for nucleation 
of acicular ferrite than the Galaxite. 
CompOSition analysis in the present research indicates 
that as aluminum concentrations in the weld metal reach 200 
ppm, The angular phase Galaxite is formed in the inc l usions as 
reported by Bhatti and Dowling [Bhatti 1984, Dowl ing 1986]. 
For lower aluminum concentrations the complex !v'.;nO· A120] . Si02 
phase is predominately composed of MoO, Manganosite. In 
titanium-containing weldments the inclusion composition 
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appears to be a combination of pyrophanite/l'f.anganosite or 
Pyrophanite/Galaxite depending on th"" aluminum concentration. 
Both Galaxite and Pyrophanite are angular phases which have 
been shown to be a ::::-equirement for nucleation of acicu l ar 
ferrite on the inclusion. Galaxite has a me l ting temperature 
of 1 800 °C and would form in the molten weld poo l . Manganosite 
is a glassy phase with a melting temperature in the range of 
1600 - 1800 °C depending on the aluminum and si l icon 
concentrations which also forms in the molten weld poo l . 
Pyrophanite remains molten after the steel has solidified, but 
Manganosite or Galaxite can exist inside this molten inclusion 
as solid particles. This idea is supported by the HVEM 
micrograph in Figure 3. 16 wh ich shows a two phase inclusion 
wi th heavier par~ic les existing in a lighter matrix (e. g. 
Manganosite in Pyrophanite). At about J.400 °C the l'yrophanite 
solidifies as angular inclusions generating a large strain 
field in the surrounding matrix which wou l d assist in 
nucleating acicu l ar ferrite. This coul d explain why the 
titanium - containing inclusions are more effective thar: the 
Ga l axite - containing inclusior:s for forming acicular ferrit:e as 
shown in Figur e 2.9. 
'L"eld metal a l uminum and titanium was plotted against 
inclusion aluminum and titanium for each of the GMAW and SA'1'l 
weldments to deter:nlne if a correlation existed . These resu l ts 
are presented in Figures 4.11 through 4 14. The GMAW samples 
wit:h low oxygen levels show a wide range of inc l usion 
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compositions for the same or similar weld metal composition. 
However as weld metal oxygen concentration increases similar 
concentrations of weld metal titanium result in higher 
inclusion titanium levels. SAW samples with optimum 
concentrations of weld metal oxygen show a more identifiable 
trend of increasing inclusion titanium and aluminum content 
with increasing weld metal concentrations. This trend exists 
for all SAW samples e xcept F296 which has a much higher number 
of inclusions than the other samples. These results suggest 
that control of inclusion compOSition through weld metal 
composition requires optimum concentrations of oxygen in the 
weld metal. 
3. Inclusion Size Distribution 
The results of the investigation into inclusion size 
distribution are presented in Tables 3.7, 3.8 and 3.9 . From 
the discussion in section 2F it was expected that the GMAW 
inclusions would be smal ler than the SAW inclusions due to a 
higher heat input in the SAW samples, lowering the cooling 
rate, allowing more time for inclusion growth prior to 
solidification . For our investigation GMAW inclusions are 
larger because in the mUlti - pass SAW weldrnents the larger 
inc l usions have had multipl e opportunities to float out of the 
weld pool during reheat from subsequent passes. Al though a 
detailed study of the inc l usion field of the GMAW mUlti-pass 
weldrnents was not conducted, the reduction in acicular ferrite 
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from the single pass welds is probabl y due to a similar 
phenomena resulcing in a less dense inclusion fie l d. This 
phenorr:ena was documented in the research conduct~ed by DougJ as 
[Doug l as, 19891. 
Each of the GfV'AW inclusion fie l ds exhibit as - shaped 
size distribution indicative of l ow we l d metal oxygeI'. 
concentrations. Size distributions for the G!'If..AW M1 cover gas 
(220 ppm oxygen, 25% acicu l ar ferrite) and Ar cover gas (30 
ppm oxygen, 0 % acicular ferrite) are p l ot '::. ed in Figure 1.:5 . 
Each oE the SAW inclusion fie.1ds exhibit the c: - shaped size 
distribution indicative of high concentrations of we l d w.etal 
oxygen. Size distributions for SAW samples F296, F292 and F29S 
are plotted in Figure 4.~G. Sampl e F295 (78 't acicular 
ferrite) has a large nLlmber of inclusions with IT.oderate 
amo'-lnts of titanium in the incl'-lsions. ? he large number of 
inc l usions is very favorab l e for formation of acicular 
ferrite. From size distribution information only, it would 
appear that sawple F295 wou l d be b e tter for formation of 
acicular ferrite than sample F292. In reality sarq~le F292 (65%' 
acicular ferrit:e) has more acicular ferrite than saInple ?295 
(27 % acicular ferrite). Table 4.2 provides various f actors 
for comparison between these two samples. The difference that 
stands out between these samples is the amO'-lnt of a l uminum and 
titanium in the inclusions of the samples . This result: 
S'-lggests that inclusions rich ir. galaxite and/or pyrophanite 
are :!lore effective at nLlc l eat~ng acicu l ar ferri:.e. These 
conclusions indicate that the amount of acicular ferrite can 
be controlled by controlling weld metal composition, ensuring 
adequate concentrations of oxygen, aluminum and titanium are 
present . 
O. FRACTURE TOUGHNESS 
An analysis to determine the effectiveness of the acicular 
ferrite microstructure on improving fracture toughness was 
conducted as part of this investigation . This analysis 
identified four factors that interact to control weld 
toughness; weld metal Mn concentration, tensile strength, 
percent colunmar grains and percent acicular ferrite. 
In general, as tensile strength increases, weld fracture 
toughness decreases due to the increase in strength resulting 
from microstructures more susceptible to brittle fracture. 
This trend is clearly shown in Figure 4 .l7. The GMAW weldments 
have large amounts ot columnar grains, similar weld Mn 
concentrations and similar amounts of acicular ferrite. Using 
Charpy fixed energy as a measure of fracture toughness, the 
trend of decreasing tracture toughness for increasing strength 
is clearly identified. Figure 4.lB Shows little change in 
fracture toughness for the range of weld manganese 
concentrations associated with the GMAW weldments. These 
figures also show that fracture t.oughness decreases more for 
the argon cover gas with no acicular ferrite, suggesting that 
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even small amounts of acicular ferrite in the weld deposit 
(10%') can im!?rove fracture toughness . 
The same analysis for the SAW weldments shows the 
interactions between the four factors con:::rolling weld 
toughness. These factors are represented in the plots in 
?'igures 01 . 19 and 01.20. Figure 14 .19 shows that a weld wi th 
high tensile strength can have good fracture toughness if the 
weld has a low percentage of columnar grains and high 
percentages of acicular ferrite. ?'igure 4.20 shows t:he 
interactions between Mn concentration, percent colullUlar grains 
and percent acicular ferrite. Sample 1"296 has excellent 
fracture toughness due to near optimum MIl concentration, low 
amount of columnar grains and large amounts of acicular 
ferrite even though tensile strength is high. Sample F292 has 
a lower fracture t oughness due to a signi:icant increase in 
columnar grains and small decrease in acicular ferrite even 
though t.ensile strength is much lower . Sample F289 has less 
acicular ferrite and lower MIl concentration with similar 
fracture toughness as sample F292 . This is due to a decrease 
in both columnar grains and tensile strength. Sample F293 
shows :::he importance of maintaining optimum weld metal 
manganese content . with all other factors similar, the ductile 
to brittle transition temperature {nETT) is higher by 22 OF (-
62 OF vice -84 OF). This data suggests that the reduction in 
fracture toughness occurs due to the lower manganese content 
in the weld me:::al creating a coarser microstructure, reducing 
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fracture toughness. Sample F295 shows that fracture toughness 
is poor even if MIl concentration is optimum and st:!:"ength is 
low if a low percentage of acicular ferrite exists in the weld 
deposit. 
This analysis concludes that weld deposits with high 
fracture toughness can be created even at high tensile 
strengths it large proportions of the weld metal 
microstructure are acicular ferrite. Toughness can also be 
improved by minimizing the fraction of colullUlar grains in the 
weld deposit and maintaining a low tensile strength. 
Cantrall ing manganese concentrations improves tracture 
toughness by refining the microstructure and promoting the 
formation of acicular ferrite. 
E. GENERAL REVIEW 
The reason for generating a we ld deposit microstructure 
that consists of acicular ferrite is to create a high strength 
we l d with good fracture toughness. For high strength steels 
used in Naval construction programs this can be achieved in 
SAW weldments by using a flux with a high basicity index (EI 
near three) together with a we ld filler wire of approp:!:"iate 
composition. For the fluxes used for this investigation, those 
with the higher basicity indexes had higher proportions of 
acicular ferrite in the weld metal (Table 4.3). The Lincoln 
MIL800 flux, with the highest BI of the fluxes tested (BI _ 
2.97) ,used in sample F29G was the best flux for promoting the 
formation of acicular ferrite (78%) and creating a high 
s~rength weld (8 2 5 MPa) with good fracture toughness (DETT Or _ 
108 OF). This flux created an inclusion !'ield consisting of a 
large number of medium sized inclusions (average size ~ 0.423 
microns, - five times as many inclusions as other fluxes ). 
This appears to have been caused by more of the weld metal 
oxygen e xisting as oxides rather than as dissolved oxygen. As 
other weld metal conditions were bounded by the other fluxes 
used, the reason for this phenomena is unclear and requires 
more research. The Oerlikon OP12 1TT (Houst.on) flux used for 
we ldment £"292 (EI = 2.83) also provided a high strength weld 
(752 MPa) with good fracture toughness (DBTT = -85 OF) by 
fo=in9 a large proportion of acicular ferrite in the weld 
deposit. In this case the reason for acicular ferrite 
formation is due to a weld !'!letal composition that contained 
opti!'!lum concentrations of oxygen, manganese, titanium and 
aluminum. This created inclusions that contained large 
proportions of the angular phases, pyrophanite and galaxite, 
which were effective nucleation sites for promoting the 
fonnation of acicular ferrite. Further research may show that 
F296 is a better choice especially if it generates large 
amounts of appropriate inclusions every time it is used. 
The results of the investigation into GMAW weldrnents of 
h igh strength steels showed that the present cov er gases and 
welding procedures are not adequate to produce high strength 
welds with good fracture toughness properties. In general, 
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oxygen concentrations in the weld metal were not r. igh enough 
to form the number of inclusions required for producing large 
amounts of acicular ferrite. For those weldrnents where higher 
oxygen potential existed in the cover gas produced higher weld 
metal oxygen concentrations, subsequent losses of titanium and 
aluminum limited the effectiveness of the inclusions for 
nucleating acicular ferrite. In addition, limitations of heat 
input into the weld reduced the effectiveness of reheat from 
subsequent weld passes for refining the grains creating large 
proportions of columnar grains in the weld deposit (80 to 
99%). Both of these conditions are detrimental to fracture 
toughness. 
More acicular ferrite could be produced if GMAW weldrnents 
had weld metal compositions that contained near 300 ppm 
oxygen, 1.0 wt % manganese and a combined concentration of 
~itanium and aluminum near 300 ppm. These conditions could be 
created by increasing the oxygen potential of the cover gas to 
six to eight weight percent (6% oxygen or 15% carbon dioxide) 
and choosing a we ld wire higher in aluminum and/or titanium 
and manganese to account for losses due to losses of these 
elements in the molten weld pool. However this solution for 
acicular ferrite does nothing to reduce the amount of columnar 
grains formed in the weld deposit. 
The use of a f lux - cored we l d wire may be a more 
appropriate choice for GMAW weldments . This type of weld wire 
would not only create the desired weld composition, but also 
H6 
provide more heterogeneous nucleation sites for solidification 
in the molten weld pool creating a more equiaxed grai::J 
structure. This should reduce the amount of columnar grains 
found i!'l the weld deposit and dramatically improve fracture 
toughness in GNAW weldments. More research should be conducted 






CO'ilEE GAS VS WELD ).{EI'AL OXYGEN" 
1.0 1,..0. :..0 :u 3.~ """ ... .... 
COVER G.s OXYGEN :.crIYITY (lrT::) 
COVER GAS (Vol%) Calculated oxygen 
potential (wt%) 
~OO% Ar 
98% Ar/2% 0 >.6 
33.3% Ar/OO/M4 2 1 
95% Ar/5% CO 2.8 
96% Ar/4% 0 3. , 
50% OO/M4 
90 % AR./IOt CO 5.6 
Figure 4.1 
GMAW Cover Gas Oxygen vs Weld Metal Oxygen 
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METAL OXYGEN VS Tl/AL SAIV WELD, 
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GMAW WELD METAL OXYGEN VS TI/AL 
EIU 220 2~O 2~O 
WELD METAL OXYGEN (PPM) 
SAMPLE OXYGEN Ti Al Ti + Al 
M:2 190 80 no 190 
MIDPT 200 70 100 170 
C5 210 70 no 180 
M4 220 60 80 140 
C1O/M4 240 60 100 160 
ClO 260 60 100 160 
Figure 4.3 
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SAW Acicular Ferrite vs Inclusion Volume Fraction 
Figure 4.5 




GMAW =nc l us i on (31.3 Kx ){top), x · ray map 
s h owing ti tan ium - r i ch phase (bottom). 
Figure 4.7 
SEM EDX Spectrums in the vicinity of the oxygen and 




Pyrophanite ring pattern superimposed on an HVEM 
diffraction pattern taken from a titani~~containing 
oxide inclusion in a SAW weldreent. 
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SAW Inclusion Oxides [Mari, 1981] 
U6 
SAMPLE AVERAGE wt% 
MnO-AL 0 -SiO 
M2 75.7-14.3-10.0 
MIDPT 75.0-12.4 - 12.6 
C5 84.5-5.0-10.5 
M4 86.9 5.1 - 8.0 
C10/M4 as 7-4.4 9.9 
C10 86.1-5.3-8 6 
Figura 4 . 10 
GMAW Inclusion Oxides [Mori, 1981] 
SAW INCLUSION AL VS WELD AL 
'1.0 0.0 8.0 7.0 8.0 
INCLUSION ALUMINUM (WT %) 
INCLUSION Al KELD METAL Al 
F296 L38 HO 
F295 3.96 HO 
F293 5.16 HO 
F289 6.21 130 
F292 11.43 200 
Figure 4.1l. 
SAW Inclusion Al vs Weld Metal AI 
SAW I"eLUSION T[ VS WELD TI 
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GMAW INCLUSION AL VS WELD AL 
~.O 4.Q 1.0 G.O 
INCLUSION ALUMINUM (WT ~) 
SAMPLE INCLUSION Ai WELD METAL Al 
Cl0/M4 2.52 100 
M4 2.54 BO 
C5 2.73 110 
010 2.85 1 00 
MIDPT 5.21 100 
Pigure 4.13 
GMAW Inclusion Al VB Weld Metal Al 
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GMAW INCLUSION TJ VS WELD TI 
,. 
14.0 10.0 10.0 ,7.0 10,0 
!NCWSION TITANIlTM (1fT ?oj 
SAMPLE mCLUS :t:ON Ti WELD METAL Ti 
C1O/M4 10.92 60 
CS 11.93 
M4 13 . 05 60 
Cl0 15.23 60 
M2 17 . 79 80 
MIDPT 21 . 64 70 
Figure 4.14 
GMAW Inclusion T i v s Weld Metal Ti 
INCLUSION SIZE DISTRIBUTION 
GMAW SAMPLES 
o, ~ 1.~ 1.2 I .'i 
INCLUSION SIZE (MICRONS) 
Figure 4.15 
GMAW Size Distribution (data in Table 3.9) 
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INCLUSION SIZE DISTRIBUTION 
o.e o.e 1.0 1.2 
INCLUSlON SUE (MICRONS) 
Figure 4.16 
SAW Size Dist.ribution (data in Table 3.8 ) 
" 3 
GMAW STRENGTH VS %CG/%AF/CFE 
LEGEND 
7. COLUMNAR GRAINS 
iiB~E~~  
132D 1330 13fG 
TENSILE STRENGTH (MFA) 
SAMPLE TS (MPa) 'CG %AF CF. CF. 
(oep) { -60°F} 
M4 1293 88 12 68 61 
C1O/M4 1.311 90 13 54 42 
M2 1321 81 15 50 43 
Cl0 1331 9 0 11 48 42 
C5 1334 86 9 47 30 
MIDPT 1337 99 11 51 33 
Ar 1364 89 2 30 16 
TS (MPal .. 15.4{ 1 6+1 25 (el +15 (Mn+Cr) +12 (MO) +6 (W) +8 (Nil +4 (eu) 
+25 (V+Ti)) [Pickering, 19871 
Figure 4.17 
GMAW Strength vs % Colwnnar Gra i ns! ~ Acicular Ferrite/ 
Charpy Fixed Energy 
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GMAW WELD MN VS %CG/%AF/C]"E 
L.oe 1.10 1.13 l.a 
WELD METAL MANGANF.5F. (WT?) 




Cl0 1.032 90 47 
M4 1.033 88 58 61 
CIO/M4 1 .045 90 13 54 42 
C5 1 . 072 86 9 30 
MIDPT 1.098 99 33 
LUZ 50 43 
1.193 89 30 16 
Figure 4 .18 
GMAW Weld Mn vs % Columnar Grains/ % Ac icul ar Ferrite/ 
Charpy Fixed Energy 
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SAW STRENGTH VS %CG/%AF/CFE 
TENSILE STRENGTH (MPA) 
SAMPLE TS (MPal 'CG 'oAF CPE CPE 
(OOP) (-60°F) 
F293 687 26 H 86.1 48.7 
F289 69. 29 43 90.6 70.7 
F295 705 33 27 62.8 44 
F292 752 37 65 8S.3 62.5 
F296 .25 29 78 86.6 66.2 
Figure 4.19 
SAW Strength vs t Colwnnar Grains/ t Acicular Ferrite/ 
Charpy Fixed Energy 
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SAIV DB'l"!' VS CG/AF/WELD MN 
SAMPLE DB'l"I' (C 1") CG TS (MPa) 
F296 - 108 
F292 
F289 - 94 
.33 1.51 
Figure 4.20 
SAW ::18':'T VB \ Colum.'1ar Grains/ l Acicular Ferr::.te/ 
WELD Metal Mn 
TABLE 4.1 WELD THERMAL CYCLE 
OMAW OMAW SAW 
bead - on- multi-pass multi -pass 
plate 
efficiency (n) .7 .7 .9 5 
power input L 717 1 . 717 2.177 
(E) (KJ/mm) 
interpass t=p 150 250 
{T I 
dt (sec) 6.00 7 .57 16.29 
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TABLE 4.2 SAW SAMPLE COMPARISON 
SAMPLE F292 1"295 
% ACICULAR FERRITE 65 
• OF INCLUSIONS 297 3 64 
AVE INCL SIZE .378 .323 
(microns) 
I NCL VOL FRACTION . 1 8 5 . :1.65 
2.83 2.63 
WELD OXYGEN (wt%) .027 .035 
(wt%) 1. 49 
WELD Al (wt%) .0:<0 .011 
WELD Ti (wt%) .008 . 005 
INCL Al (wt%) 40 3.95 
INCL Ti (wt%) 18.79 5.92 
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TABLE ,*. 3 FLUX BASICITY I NDEX/ACICULAR FERRITE 
[Kettel, B93j 
SAMPLE FLOX BI % ACICULAR 
FERRI TE 
F289 Oerlikon OP121TT 2.65 43 
( E isenberg) 
F292 Oerlikon OP 1 21TT 2 . 83 65 
(Houston) 
F293 Kobe PFH80AK 2.75 41 
F295 L - TEC 651 VF 2 . 63 




Volume fraction of non -metallic inclusions in the weld 
deposit is not a good measure of the inclusion field's ability 
t o promote the formation of acicular ferrite, The number and 
size distribution of the inclusions combined with the titaniu m 
and alu.rrtinum content of the inclusions provides better data 
for analyzing inclusion field effectiveness. 
To enhance the ability ot the inclusion :1e1d to promote 
the formation of acicular ferrite , inclusions should contain 
large amour.ts of aluminum or titanium to form angular phases 
such as Galaxite or Pyrophanite. Inclusi:::m composition can be 
cont rolled by controlling weld metal composition if oxygen 
concentrations in the weld metal are optimized near 300 ppF.! . 
Achieving a total weld metal composition that contains 300 pprr. 
ox ygen, 1.5 weight percent manganese (SAW) or about 1.0 
manganese (GMAW) dud a co!Tlbined titanium plus aluminum 
concent.ration of near 300 ppm appears optimum for formati on of 
large proportions of acicular ferrite in the we ld deposit. 
For the steels studied in the present work the inclusions 
are composed of two primary phases . A tit.anium - rich phase 
Pyrophani te, MoTiO:> , is an angular phase that is a requirement. 
for nucleation of acicular t errit_e on t he inclusions . The 
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second phase is a complex Mn-AI-Si oxide that exists as 
Manganosit e for low concentrations of aluminum in the weld 
metal « 200 ppm) or Galaxite for higher aluminum 
concentrations. Manganosite forms spherical inclusions that 
are not good sites for nucleation of acicular ferrite. 
Galaxite forms more angular inclusions and has been shown to 
be an effective site for nucleation of acicular ferrite like 
the titanium-rich phase, Pyrophanite. 
Pyrophanite is more effective for promoting the fonnation 
of a c icular ferrite than Galaxite. This appears to be a result 
of the formation temperature of the phases_ Galaxite forms in 
the molten weld pool at 1800 °C . Pyrophanite forms after the 
weld metal has solidified, at 1400 oC, creating a much larger 
strain field in the surrounding matrix. This strain field 
could provide the energy required for the nucleation of t he 
acicular ferrite on the inclusion. 
A large volume fraction of inclusions generated by a large 
number 0: medium sized inclusions, average size 0.3 to 0.5 
microns, is effective for produc ing large proportions of 
acicular ferri te in the we ld depOSit, even if inclusion 
composition i s not optimum. This conclusion is generated by 
the results of SAW weldment F296 which contained the largest 
proportion of acicular ferrite in the weld metal. Both 
strength (825 MPa) and fracture toughness (DBTT .. -108 OF) 
were the best of the five samples analyzed. However, the 
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reason that such an optimum inclusion field was generated 
could not be explained. 
t.;re l d filler wire and/or flux must be chosen carefully to 
maintain an optimum concentration of manganese in the weld 
metal. This optimum concentration appears to be about 1 . 5 
weight percent in SAW weldments and 1 . a weight percent in GMA'fl 
weldments. This optimum manganese concentration enhances 
fracture toughness by promoting the formation of acicular 
ferrite (lowe~s austenite fe~rite transformation 
temperature) and generally refining the final microst:ructure 
of the weld deposit. Low concentrations of manganese rest:::.-ict 
the amount of acicular ferrite formed. High concentrations oE 
manganese increase hardenability and strength to the point 
that loss of fracture toughness from these factors overshadows 
any benefits. 
Fracture toughness of the weld deposit is controlled 
through the interaction of four variables. High tensile 
strength welds tcnd to have lower fracture toughness due to 
the microstructures providing thc strength (bainite and 
martensite) being susceptible to c:::.-ack propagation. An optimum 
manganese concentration is required to promote the formation 
of acicular ferrite and refine the microstructure of the weld 
deposit. High proportions of acicula~ ferrite in the weld 
deposit are good for both strength and fracture toughness. 
Columnar grains in the weld deposit are detrimental to 
fracture toughness. High strength welds with excellent 
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fracture toughness can be achieved by maintaining optimum weld 
manganese concentration, low percentage of columnar grains and 
high percentages of acicular ferrite. 
In general SAW weldments will have better fracture 
toughness than GMAW weldments. This condition exists because 
the low heat input of the GMAW weldments does not refine the 
previous weld passes as effectively as the SAW weldments with 
higher heat inputs. This creates large amounts of columnar 
grains in the weld deposi t which are det rimental to fracture 
toughness. 
B. RECOMMENDATIONS 
The large number of medium sized inclusions in SAW sample 
F296 proved optimum for fonnation of acicular ferrite. Weld 
metal composition and other weld parameters seemed to be in 
the middle of the range of the other samples tested. It 
appears that more of the oxygen in the weld metal is contained 
in the inclusions as oxides rather than as dissolved oxygen. 
No feasib le explanation for this phenomena could be found 
during this investigation . Due to high strength and excellent 
fracture toughness, this weld should be reexamined to see if 
the same inclusion field can be recreated and studied to 
determ.ine the reason for its occurrence. 
Without fully understanding the reasons for the conditions 
existing in SAW sample F296 , Naval construction programs 
should use the flux used for SAW sample F292 for SAW 
weldments (Oerlikon OP~2 1TT). This flux produced a high 
strength weld ( 752 MPa) with good fracture toughness 
properties (DBTT = -85 OF) by providing optimum conditions for 
the formation of acicular ferrite. 
GMAW weldments have poor fraCture toughness due to a low 
percentage of acicu l ar ferrite in the weld deposit and large 
percentage of columnar grains. To improve fracture toughness, 
one or both of these conditions must be improved. To promote 
the formation of more acicular ferrite a weld composition 
containing more titanium and/or aluminum and more oxyger. must 
be achieved. Due to the lim::xations of heat input in the Gr-'AW 
process, other means to promote the formation of more equixaed 
grains in the weld deposit. The lise of a flux cored weld wire 
could improve fracture toughness by creating welds with higher 
oxygen, titanium and aluminum concentrations thus form::ng more 
acicular ferrite and providing more heterogeneous nucleation 
s::tes in the weld pool to reduce the amount of columnar grains 
formed. 
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